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ABSTRACT
This thesis deals with two aspects of the chemistry of pyrazolotriazole azomethine 
dyes (PT dyes):
a), the kinetics and yield of photoinduced isomerisation and
b). the kinetics of dye hydrolysis in acidic and basic media.
Microsecond flash photolysis has been used to investigate the effects of solvent, 
excitation wavelength and oxygen on the yields of photoinduced isomerisation for a 
range of pyrazolotriazole azomethine dyes substituted at the 6 -position. The rates of 
thermal relaxation show no obvious dependence on solvent solvatochromic 
parameters examined; this suggests that solvent factors such as dielectric properties 
and basicity are not uniquely significant in determining the relaxation times of the dye 
isomers.
The isomer yields for the two dyes examined with substituents which contained the 
carbonyl group, i.e. 6 C0 2 Et-PT and 2COPh-PT show an unexpected dependency on 
excitation wavelength and on the presence or absence of oxygen. It is tentatively 
suggested that this is a consequence of the availability of substituent localised 
carbonyl excited states for these dyes. It is suggested that these states are populated 
by uv excitation to give a localised carbonyl triplet state which can undergo energy 
transfer into the pyrazolotriazole azomethine triplet state leading to relatively efficient 
isomerisation via the triplet manifold.
There was no change observed in isomer yield when using ethyl-iodide in a nitrogen 
saturated solution with either 6 CC>2 Et-PT or 6 COPh-PT dyes indicating no effective 
external heavy atom effect from this solvent.
In acid media, the pyrazolotriazole azomethine dyes undergo hydrolysis with first 
order kinetics. Arrhenius constants and pre-exponential constants were measured for 
a number of different dyes. Base hydrolyses of the 6C02Et-PT and 6 COPh-PT dyes 
showed second order kinetics.
Preliminary investigations of acid catalysed decomposition using millisecond stopped 
flow suggest a complex reaction scheme involving, possibly, three successive 
reactions.
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Chapter One
1. INTRODUCTION TO COLOUR 
PHOTOGRAPHY
1.1 Vision
T he e l e c t r o m a g n e t i c  r a d i a t i o n  t ha t  we have  e v o l v e d  to see is j u s t  
a sma l l  ‘w i n d o w ’ in the  t o ta l  e l e c t r o m a g n e t i c  s p e c t r u m ,  and  is 
c o n f i n e d  to the n a r r o w  band  e x t e n d i n g  f ro m 4 0 0 n m  to 7 00 nm .  
The  h u m a n  eye,  wi t h  the  c o l o u r - s e n s i t i v e  s p e c i a l i s e d  ce l l s ,  
c a l l e d  ‘c o n e s ’ , can  d e t e c t  l igh t  in t h r ee  d i s t i n c t  r e g i o n s ,  b l ue ,  
r ed  and  green .  The s e n s i t i v i t i e s  o f  c ones  are no t  the  s ame at  al l  
w a v e l e n g t h s .  H o w e v e r  the  m i x i n g  o f  the  e y e ’s r e s p o n s e  to t h e se  
s o - c a l l e d  p r i m a r y  c o l o u r s  r e s u l t s  in the  s e n s a t i o n  o f  the  vas t  
n u m b e r  o f  c o l o u r s  we can ‘s e e ’ .
1.2 History of  colour photography
The p r o d u c t i o n  o f  a wi de  r ange  o f  c o l o u r s  by the  m i x i n g  o f  t h e se  
t h re e  p r i m a r y  c o l o u r s  led A n t o n i u s  de D o m i n i s  in 1611 to p o s i t  
t ha t  w h i t e  l i gh t  was  a m i x t u r e  o f  t he se  t h re e  c o l o u r s (1). I saac  
N e w t o n  in 1666 d e m o n s t r a t e d  t h a t  l i gh t  was  a c t u a l l y  a m i x t u r e  o f  
s e ven  d i s c e r n a b l e ,  d i s c r e t e  c o l o u r s  wh e n  he c a r r i ed  out  h i s  
f a m o u s  e x p e r i m e n t ,  by p a s s i n g  s u n l i g h t  t h r o u g h  a p r i s m (2). 
N e w t o n  p e r c e i v i n g  th a t  the  c o l o u r s  wer e  a p r o d u c t  o f  our  
‘s e n s a t i o n ’ o f  s igh t  d e s c r i b e d  the  p h e n o m e n o n  as ‘g h o s t - l i k e ’ , 
s p e c t r a l ,  and he c o i n e d  the  wor d  s p e c t r u m  to d e s c r i b e  the  
p h e n o m e n o n (3). The news  o f  th i s  d i s c o v e r y  led m any  a r t i s t s  and  
s c i e n t i s t s  to e x a m i n e  m or e  c l o s e l y  the  c o n c e p t s  o f  l i gh t  and  
c o l ou r .  The  D u t c h  s c i e n t i s t  C h r i s t i a a n  H uy g e n s  in 1678 
s u g g e s t e d  a w ave  m o d e l  to e x p l a i n  the  b e h a v i o u r  o f  l igh t .  The  
w a v e l e n g t h  d e f i n e d  the c o l o u r  o f  the  l ight .  N e w t o n  h i m s e l f  had  
a d o p t e d  a c o r p u s c u l a r  m o d e l  o f  l igh t .  T h e se  two m o d e l s  o f  the  
b e h a v i o u r  o f  l igh t  wer e  to l ead  the  way  to the  r e v o l u t i o n s  in
1
Chapter One
p h y s i c s  at  the  end  o f  the  n i n e t e e n t h  and ear ly  t w e n t i e t h  
c e n t u r i e s ,  and  are n ow r e g a r d e d  as c o m p l e m e n t a r y .
J a c o b  C h r i s t o p h  Le B l o n  a t t e m p t e d  the  p r o d u c t i o n  o f  c o l o u r  
e n g r a v i n g s  b a s e d  on N e w t o n ’s d i s c o v e r y  in 1 7 2 2 (1). He was  able  
to p r o d u c e  p o l y c h r o m e  e f f ec t s  wi th  red ,  b l ue  and y e l l o w  dyes  
u s i n g  an a d d i t i v e  p r o c e s s  o f  c o l o u r  s u p e r i m p o s i t i o n .
Car l  W i l h e l m  S c he e l e  t o ok  the  f i r s t  s teps  t o w a r d  p h o t o g r a p h y  in 
1777 w h e n  he a d a p t e d  N e w t o n ’s p r i s m  e x p e r i m e n t  to e xp o s e  
s i l v e r  h a l i d e  to d i f f e r e n t  c o l o u r s  o f  l i gh t  and d i s c o v e r e d  t ha t  
d i f f e r e n t  q u a n t i t i e s  o f  s i l ve r  wer e  r e d u c e d  and  d e p o s i t e d  
d e p e n d i n g  u pon  the  c o l o u r  o f  the  l igh t  u s e d ( l ) . The p h y s i c i s t  
T h o m a s  Y ou n g  in 1802 was  the  f i r s t  to p r o p o s e  the  m e c h a n i s m  
w h e r e b y  the  eye p e r c e i v e s  c o l o u r  i .e.  t h a t  it was  s e n s i t i v e  to the  
t h re e  p r i m a r y  c o l o u r s (1). Th i s  led J a m e s  C l a r k  M a x w e l l ,  in 1861,  
to p r o d u c e  the  f i r s t  c o l o u r  p h o t o g r a p h  u s i ng  a s u p e r i m p o s i t i o n  o f  
t h r e e  c o l o u r s (3,4). M a x w e l l  a r r a n g e d  t h re e  p r o j e c t o r s  and 
c o l o u r e d  f i l t e r s  w h i ch  he a t t e n u a t e d  u s i ng  n e g a t i v e s  p r e v i o u s l y  
o b t a i n e d  t h r o u g h  b lue ,  g r een  and red  f i l t e r s .  By c o m b i n i n g  t he se  
s e p a r a t e  b l ue ,  g reen  and red  i ma ge s  he o b t a i n e d  the  f i r s t  c o l o u r  
p h o t o g r a p h i c  image .
Lou is  D u c o s  du H a u r o n  in 1862 p r o p o s e d  an a d d i t i v e  t h e o r y  o f  
c o l o u r  p h o t o g r a p h y  and f o l l o w e d  th i s  wi t h  an o u t l i n e  o f  the  
s u b t r a c t i v e  t h e o r y  o f  c o l o u r  p h o t o g r a p h y  in 1869^5,6). In the  
s u b t r a c t i v e  p r o c e s s ,  c o l o u r s  are a c h i e v e d  by the f i l t e r i n g  out  o f  
p r i m a r y  c o l o u r s  f rom w h i t e  l igh t .  The t h re e  s u b t r a c t i v e  p r i m a r y  
c o l o u r s  du H a u r o n  d e s c r i b e d  as cyan  ( l i gh t  g r e e n i s h - b l u e ) ,  
m a g e n t a  ( l i g h t  b l u i s h - r e d ) ,  and y e l l ow .  Th e se  are the 
c o m p l e m e n t s  o f  the  p r i m a r y  c o l o u r s  b l ue ,  g r een  and red;  the  cyan  
c o l o u r  a b s o r b s  red  l igh t ,  m a g e n t a  a b s o r b s  g r een  l i gh t ,  and  y e l l o w  
a b s o r b s  b l ue  l ight .
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Du H a u r o n ’s t h e o r y  was  to p r o v e  i m p r a c t i c a l  un t i l  1873 wh en  
H e r m a n  Vo g e l  d i s c o v e r e d  a m e a n s  o f  s e n s i t i z i n g  h a l i d e  f i lm 
u s i n g  d y e s (1). He was  ab le  to s e n s i t i z e  the  p r e v i o u s l y  b lue  
s e n s i t i v e  s i l ve r  b r o m i d e  e m u l s i o n s  to r e g i s t e r  g reen .  R u d o l p h  
F i s c h e r  in 1912 us ed  t h e se  s e n s i t i z e d  e m u l s i o n s  and the  
s u b t r a c t i v e  p r o c e s s  to p r o p o s e  a d y e - c o u p l e d  p r o c e s s  o f  c o l o u r  
p h o t o g r a p h y ^ 6,7*. Th i s  was  u t i l i s e d  by E a s t m a n  K o d a k  in 1935 
a f t e r  o v e r c o m i n g  a n u m b e r  o f  t e c h n i c a l  d i f f i c u l t i e s  and c a l l e d  
the  K o d a c h r o m e  p r o c e s s (8*. M o d i f i c a t i o n  o f  t h i s  t e c h n i q u e  by 
A g f a  led to the  c o u p l i n g  c h e m i c a l s  be in g  i n c o r p o r a t e d  in to  the  
f i l m e m u l s i o n  i .e.  the  A g f a c o l o u r  p r o c e s s .  By 1940 K o d a k  
p r o d u c e d  a s i m i l a r  p r o c e s s ,  E k t a c h r o m e ( 9 ’ 1 0 , 1 1 \
1.3 The additive and subtract ive  colour process
(3,4,5,7,8,12)
The use  o f  a d d i t i v e  m i x e s  o f  t he  p r i m a r y  c o l o u r s  can  give  a 
c o l o u r  p h o t o g r a p h  w i th  g oo d  r e p r o d u c t i v e  p r o p e r t i e s .  H o w e v e r ,  a 
p r o b l e m  a r i se s  b e c a u s e  t h i s  t e c h n i q u e  r e l i e s  on the  t r a n s m i s s i o n  
o f  s i n g l e  p r i m a r y  c o l o u r s .  One  l aye r  o f  a s in g l e  p r i m a r y  
c o l o u r e d  p h o t o g r a p h i c  dye f i l t e r s  ou t  two t h i r d s  o f  the wh i t e  
l igh t  w a v e l e n g t h s ;  for  e x a m p l e  a r ed  dye l aye r  w o u l d  r e m o v e  al l  
g r een  and b lue  w a v e l e n g t h s .  The  c o m b i n a t i o n  o f  t h e s e  p r i m a r y  
c o l o u r  f i l t e r s  in a s u p e r i m p o s e d  s y s t e m ,  i f  o f  s u f f i c i e n t  o p t i c a l  
d e n s i t y ,  co u l d  r e s u l t  in ze r o  l i gh t  t r a n s m i s s i o n  or  a c o n s i d e r a b l e  
l ack  o f  s e n s i t i v i t y  in m an y  l i g h t i n g  c o n d i t i o n s .  As  a 
c o n s e q u e n c e  o f  t h i s ,  a d d i t i v e  p h o t o g r a p h i c  p r o c e s s e s  r e l y  u p o n  a 
s i d e - b y - s i d e  a r r a n g e m e n t  o f  p r i m a r y  f i l t e r s  in the  f i l m or  a 
s e q u e n t i a l  p r o c e s s  w h er e  the  b lu e  g r e e n  and r ed  f i l t e r e d  i m a g es  
are s u p e r i m p o s e d  in q u i c k  s u c c e s s i o n .  Bo t h  t h e s e  t e c h n i q u e s  are 
d i f f i c u l t  to e n g i n e e r  and  are  c o n s e q u e n t l y  cos t ly .
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Fr om a m a n u f a c t u r i n g  and  e c o n o m i c  p o i n t  o f  v i e w  the  bes t  
m e t h o d  o f  f i lm p r o d u c t i o n  is v i a  a s u b t r a c t i v e  dye s u p e r i m p o s e d  
s ys t e m w her e  the  e m u l s i o n s  c o n t a i n  dyes  t h a t  on ly  a b s o r b  one 
t h i rd  o f  the  v i s i b l e  l i g h t  and  t r a n s m i t  the  o t h e r  two t h i r d s .  Th i s  
a l l o ws  a s t e p w i s e  c o a t i n g  o f  the  f i lm in t h r e e  p a s s e s  or  so,  w h i c h  
a v o i d s  u n n e c e s s a r y  m e c h a n i c a l  c o m p l e x i t y  and  cos t .
1.4 Producing a photographic  image
1.4.1 I m a g i n g  co lour^912^
As a l r e a d y  m e n t i o n e d ,  the  m o s t  f r e q u e n t l y  e m p l o y e d  m e t h o d  o f  
p r o d u c i n g  a c o l o u r  p h o t o g r a p h i c  i mage  is to use  the  s u b t r a c t i v e  
p r o c e s s .  L i gh t  is f i r s t  r e f l e c t e d  f rom the  c o l o u r e d  s cen e  or 
o b j e c t  and  v ia  a l en s  f o c u s e d  on t o  the  f i lm.  The  f i l m c o n s i s t s  o f  
a n u m b e r  o f  l aye r s  o f  s o - c a l l e d  ‘e m u l s i o n s ’ . T h e s e  c o n s i s t  o f  
s i lv e r  h a l id e  s u s p e n s i o n s  in g e l a t i n ;  it  is t h i s  s o l i d  s u s p e n s i o n  
t ha t  r e c o r d s  the  p h o t o g r a p h .  E a ch  l aye r  a l so  c o n t a i n s  a 
s e n s i t i s i n g  dye t h a t  c a u s e s  t h a t  e m u l s i o n  l aye r  to r e a c t  to the  
p r e s e n c e  o f  l igh t  o f  a p a r t i c u l a r  w a v e l e n g t h .  C o n s e q u e n t l y  on ly  
l igh t  in a p a r t i c u l a r  w a v e l e n g t h  band  wi l l  be a b s o r b e d  by the  
s i l v e r  ha l i de .  In t he  s u b t r a c t i v e  p r o c e s s  o t h e r  w a v e l e n g t h s  wi l l  
be t r a n s m i t t e d  to l a y e r s  b e lo w.  T y p i c a l l y  the  b lue  l i g h t  
r e c o r d i n g  m e d i u m  is  on  the  top  o f  the  l aye r s  and  is t he  f i r s t  to be 
e x p os e d .  S i l ve r  h a l i d e  is n a t u r a l l y  s e n s i t i v e  to b lue  and  
u l t r a v i o l e t  w a v e l e n g t h s ,  so a y e l l o w  l aye r  is u s u a l l y  p o s i t i o n e d  
b e n e a t h  it  to p r e v e n t  b l ue  and  u l t r a v i o l e t  ‘c o n t a m i n a t i o n ’ o f  the  
m a g e n t a  and cyan e m u l s i o n  l ay e r s  u n d e r n e a t h .  O f t en  t h e s e  l aye r s  
are r e p e a t e d  u n d e r n e a t h  at  a d i f f e r e n t  l eve l  o f  s e n s i t i v i t y  to 
o p t i m i s e  f i lm s e n s i t i v i t y  u n d e r  d i f f e r e n t  l i g h t  i n t e n s i t y ;  t h e se  are 
r e f e r r e d  to as the  ‘f a s t  and  s l o w ’ l ay er s  o f  the  f i l m,  f u r t h e r  
l ayers  may  a l so be i n t r o d u c e d  to s e p a r a t e  the  d i f f e r e n t  l i g h t  
s e n s i t iv e  e m u l s i o n  l a y e r s  a d e q u a t e l y .
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1 . 4 .2  The  l a t e n t  i m a g e
In 1938 G u r n e y - M o t t  p r o p o s e d  a m e c h a n i s m  t h a t  gave  a m od el  o f  
h o w  the  s i l v e r  h a l i d e  p r o d u c e d  an i ma ge  on e x p o s u r e  to l i g h t (11). 
In t h i s  e l e c t r o n  t r a n s f e r  m o d e l  i t  has  b e en  p r o p o s e d  t h a t  i n i t i a l l y  
a p h o t o n  o f  l i g h t  is a b s o r b e d  by a m o l e c u l e  o f  s e n s i t i s e r  dye (D) 
a b s o r b e d  on a s i l ve r  h a l i d e  c r ys t a l .  F o l l o w i n g  p h o t o n  a b s o r p t i o n  
an e l e c t r o n  t r a n s f e r  s t ep  o c c u r s  to g ive  o x i d i s e d  dye ( D +) and  an 
e l e c t r o n  is t r a n s f e r r e d  to the  s i l v e r  h a l i d e  c r ys t a l .  The  e l e c t r o n  
t h e n  r e d u c e s  a s i l v e r  ion to a s i l ve r  a t om and at  the  s ame t i me  
the  s e n s i t i s e r  dye and  a h a l i de  r ad i ca l  are formed^ ’ .
D + hv   > D + + e'
A g B r  + e" + D +----------- > Ag° + B r ‘ + D
The a b s o r p t i o n  o f  m o re  p h o t o n s  i n c r e a s e s  the  c o n c e n t r a t i o n  o f  
s i l v e r  a to ms  on the  s i l v e r  h a l i d e  c r y s t a l ’s s u r f a ce ,  w h i c h ,  w h e n  
the  e m u l s i o n  is d e v e l o p e d ,  wi l l  s e rve  as “ c o n d u c t o r s ” for  
e l e c t r o n s  f ro m the  d e v e l o p e r  to the  s i l v e r  h a l i d e  c r ys t a l .  The  
s i l v e r  a toms  are  t e r m e d  a ‘ l a t e n t  i m a g e ’ s i t e (12). T he se  s i t es  wi l l  
c au s e  the  s i l v e r  h a l i d e  c r ys t a l  to be r e d u c e d  by the  d e v e l o p e r ,  
t y p i c a l l y  a /7- p h e n y l e n e d i a m i n e  d e r i v a t i v e (7), to s i l v e r  m e ta l  on 
t he  ‘n e g a t i v e ’ .
1.5 C o u p l e r s  and c o l o u r
Wh en  the  s i l ve r  h a l i d e  is r e d u c e d  by the  d e v e l o p e r  the  o x i d i s e d  
d e v e l o p e r  m o l e c u l e  can  be u s e d  to c o u p l e  to a s u i t a b l e  dye or 
‘c o u p l e r ’(7). Thi s  r e a c t i o n  b e t w e e n  o x i d i s e d  d e v e l o p e r  and  
c o l o u r  c o u p l e r  to g i ve  a c o l o u r  dye f o rms  the  c o l o u r  r e c o r d  in 
the  e m u l s i o n  l ayer .  The  s e r i e s  o f  r e a c t i o n s  wh i c h  t ake  p l a c e  
f o l l o w i n g  f o r m a t i o n  o f  the  l a t en t  i ma ge  and  w h i c h  lead  to 
f o r m a t i o n  o f  a c o l o u r  r e c o r d  are s h o w n  in f ig u r e  1.1.  In t h ese
5
Chapter One
Figure 1.1.  Sequence  o f  react ions  that take place in the format ion o f  
a colour record.
2AgBr^ 
(-2Ag -HBr)
Developer
^ ~ X:-ODO' 
NH Coupler
Oxidised Developer
-B r
+N:
Br
-fc X Y  N— i  \ — NHCHXY
(-Ag ,-HBr) /
* * 2
-HBr
Dye
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s e r i es  o f  r e a c t i o n s  the  f o r m a t i o n  o f  r e d u c e d  s i l ve r  is the ra te  
d e t e r m i n i n g  s t e p (13).
1.5.1 S e q u e n c e  o f  s teps  in the  f o r m a t i o n  o f  the  c o l o u r  i m a g e (9)
1) R e d u c t i o n  o f  s i l ve r  h a l i d e  to f o r m a l a t en t  i mage  s i te .
2) R e d u c t i o n  o f  s i te  by c o l o u r  d e v e l o p i n g  agent .
3) F o r m a t i o n  o f  h i g h l y  r e a c t i v e  s e m i q u i n o n e  r a d i c a l  in f i lm 
e m u l s i o n .
4) F u r t h e r  o x i d a t i o n  o f  s e m i q u i n o n e  to q u i n o n e d i i m i n e  ion.
5) C o u p l i n g  o f  the  q u i n o n e d i i m i n e  ion  w i t h  the  c o u p l i n g  a gen t  to 
p r o d u c e  a c o l o u r e d  dye in the  e m u l s i o n  o f  the  f i lm.
The c o u p l i n g  c o m p o u n d s  may  be p r e s e n t  in the  f i l m e m u l s i o n  or 
i n t r o d u c e d  at the  d e v e l o p i n g  s tage  in the  p r o c e s s i n g  s o l u t i o n .  
The s t r u c t u r e  o f  the  c o u p l e r  d e t e r m i n e s  the  c o l o u r  o f  the  dye 
f o rmed .
The d i f f i c u l t i e s  and c o m p l e x i t i e s  o f  m a k i n g  a s t ab l e  c o l o u r  
i mage  have  led to c o n s i d e r a b l e  e f f o r t s  in s y n t h e s i z i n g  dyes  t h a t  
are c h e m i c a l l y  and  p h o t o c h e m i c a l l y  r o b us t .  C o m p o u n d s  t h a t  
e x h i b i t  t h i s  c o n t a i n  C = C, N = N  and C=N d o u b l e  bo n ds ,  and  
e x a m p l e s  i n c l ud e  a zo - d y e s  and  a z a m e t h i n e  dyes .
1.5.2 T y pe s  o f  c ou p l e r s
Three  d i f f e r e n t  t yp es  o f  c o u p l e r s  are  us ed  to g e n e r a t e  the  y e l l o w ,  
m a g e n t a  and  cyan  dyes  o f  s u b t r a c t i v e  c o l o u r  p h o t o g r a p h y .  
Y e l l o w - f o r m i n g  c o u p l e r s :  a - p i v a l o y l a c e t a n i l i d e  and
a - b e n z o y l a c e t a n i l i d e  c o u p l e r s  are the  m o s t  c o m m o n  t ypes  used .  
See f igu re  1.2.  They  g ive  dyes  w h i c h  a b s o r b  in the  4 0 0 - 5 0 0 n m  
reg i on ;  the  d y e ’ s s p e c t r a l  and  c h e m i c a l  c h a r a c t e r i s t i c s  can be 
m o d i f i e d  by i n c o r p o r a t i n g  s u i t a b l e  g r ou ps  at  Ri .  The  ‘b a l l a s t ’
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+ Ballast group
Rl
= H, Cl,  0 C ( 0 ) R ,  SAr,  C(Q)OR,  0 S ( 0 ) 2R and O
F ig u r e  1.2.  Y e l l o w - f o r m i n g  c o u p l e r s  (26). The  b a l l a s t  g r o u p  is 
a dd ed  to p r e v e n t  m i g r a t i o n  o f  the  c o u p l e d  dye  in t o  a d j a c e n t  
l aye r s  o f  f i lm e m ul s i on .
IIc- CH
+ Ballast group
NHC(Q)R
Ri = Cl,  R
X = H, Cl,  OAr,  OR,  SAr 
R = o rgan ic  group
Ri  = C (0 )N H (C H 2) nA r  
R 2 = H , N H C (0 )R  
X  = H , C l, OAr,  OR, SAr
Figure  1 . 3 .Cyan Co up l e r s  <u >
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g r o up  is i n c o r p o r a t e d  to e ns u r e  the  dye r e m a i n s  in the  e m u l s i o n  
l ay er  and  d oe s  no t  d i f f u s e  away f rom the  p o i n t  o f  “ i mage  w i s e ” 
f o r m a t i o n .
C y a n - f o r m i n g  c o u p l e r s :  T he se  c o n s i s t  a l m o s t  e x c l u s i v e l y  o f  
e i t h e r  s u b s t i t u t e d  p h e n o l s (16, 17, 18) or n a p t h o l s (16, 19) ( see  f ig u r e  
1.3) .  Th ey  f o r m dyes  on c o u p l i n g  t h a t  a b s o r b  red  l i gh t  in the  
6 0 0 - 7 0 0 n m  r an ge .
M a g e n t a - f o r m i n g  cou Pi ers:  T h e se  c o u p l e r s  are d e s i g n e d  to
p r o d u c e  dyes  t h a t  a b s o r b  l i g h t  in the  r ange  5 0 0 - 6 0 0 n m  i .e.  in the  
g r e e n  r e g i o n  o f  the  v i s i b l e  s p e c t r u m .  A v a r i e t y  o f  s u i t a b l e  
c o m p o u n d s  h av e  been  us e d  i n c l u d i n g  5 - p y r a z o l i n o n e (20), 
i n d a z o l o n e (2!), p y r a z o l o b e n z i m i d a z o l e (22) and  p y r a z o l o t r i a z o l e (23' 
} c o u p l e r s .  O f  t h es e  the  5 - p y r a z o l i n o n e  c o u p l e r s  have  been  
m o s t  c o m m o n l y  e m p l o y e d  in the  m a g e n t a  r e c o r d  o f  c o l o u r  
p h o t o g r a p h y (9). The p y r a z o l o t r i a z o l e  c o u p l e r s  r e p r e s e n t  a m or e  
r e c e n t  i n n o v a t i o n  and o f f e r  i m p r o v e m e n t s  ove r  the  p y r a z o l i n o n e
/ I o \
c o u p l e r s  in b o t h  t h e r m a l  s t a b i l i t y 1 ; and  s p e c t r a l  ‘p u r i t y ’ .
The  i dea l  s i t u a t i o n  is for  the  dye c o u p l e r s  to a bs o r b  only  in the  
w a v e l e n g t h  r a n g e  r e qu i r e d .  For  m a g e n t a  dyes ,  b e t w e e n  500 to 
600 nm,  cyan ,  600 to 700 nm and for  the  y e l l o w  r e c o r d  400 to 
500 nm.  U n f o r t u n a t e l y  d e f i c i e n c i e s  in the  d y e ’s a b s o r p t i o n  
s p e c t r a  are  a p p a r e n t ;  in p a r t i c u l a r  cyan  and m a g e n t a  dyes  o f t e n  
s ho w u n w a n t e d  s e c o n d a r y  a b s o r p t i o n  b a n ds  at l o w e r  w a v e l e n g t h s  
th an  the  d e s i r e d  p r i m a r y  ban ds .  Y e l l o w  dyes  are  l ess  s u s c e p t i b l e  
to u n w a n t e d  a b s o r p t i o n  t h a n  the  cyan  or m a g e n t a  c o u p l e r s ,  b u t  
the s e c o n d a r y  a b s o r p t i o n  b a n d s  in the  cyan  and m a g e n t a  r e c o r d  
can p r e s e n t  p r o b l e m s  w i t h  c o l o u r  d e g r a d a t i o n  for  b l ue  and  g r e e n  
r e p r o d u c t i o n  t o g e t h e r  wi t h  b r i g h t n e s s  p r o b l e m s  for  y e l l o w  and 
red  c o m p o n e n t s ,  e s p e c i a l l y  on p r i n t i n g  f rom n e g a t i v e s (9). T h e se  
p r o b l e m s  are  c o m p e n s a t e d  f o r  by t e c h n i q u e s  such  as m a s k i n g (26^
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and  e v e n  the use  o f  f l u o r e s c e n t  c o u p l e r s  to c o m p e n s a t e  for  loss  
o f  c o l o u r e d  c o u p l e r  s e n s i t i v i t y (27\
1.6 Problems encountered in colour images
1.6.1 I m a g e  s t a b i l i t y
The p h o t o c h e m i c a l  p r o c e s s e s  i n v o l v e d  in see i ng  a c o l o u r  
p h o t o g r a p h i c  i m a ge  m u s t  b e g i n  w i t h  the  i l l u m i n a t i o n  o f  the  
s u b j e c t  and a b s o r p t i o n  o f  l i g h t  by the  p h o t o g r a p h i c  dye sy s t em.  
Th i s  r e s u l t s  in the  f o r m a t i o n  o f  e x c i t e d  s t a t e  dye m o l e c u l e s ,  w i t h  
e l e c t r o n s  in h i g h  e ne r gy  s ta t es .  The  e n e r g y  i n v o l v e d  is o f  the  
o r d e r  n e c e s s a r y  to ca us e  c h e m i c a l  b o nd  c l e a v a g e  and  c e r t a i n l y  
s u f f i c i e n t  to p r o d u c e  i s o m e r i c  r e a r r a n g e m e n t  w i t h i n  a m o l e c u l e .  
To p r e v e n t  i m a g e  d e g r a d a t i o n  t h i s  e ne r gy  has  to be d i s s i p a t e d  or  
r e l e a s e d  w i t h o u t  d a m a g e  to the  p h o t o g r a p h i c  s ys t em.  Th i s  can  be 
a c h i e v e d  in one  o f  t h r e e  ways :
• r e - e m i s s i o n  as a p h o t o n ;
• r e m o v a l  v i a  a p e r m a n e n t  c h e m i c a l  r e a c t i o n  wi th  a s t a b i l i s e r  
v ia  a r e a c t i o n  w h i c h  does  not  r e s u l t  in dye d e s t r u c t i o n ;
• d i s s i p a t i o n  as hea t .
The re  are  p r o b l e m s  a s s o c i a t e d  w i th  the  f i r s t  t wo  o f  t h e s e  r o u t e s  
f rom the  p o i n t  o f  v i e w  o f  the  p r o d u c t i o n  o f  a p h o t o g r a p h i c  
r eco rd .  R e - e m i s s i o n  o f  a p h o t o n  r e q u i r e s  a s u i t a b l e  f l u o r e s c e n t  
dye,  and  r e - e m i s s i o n  can  d i s t o r t  the  c o l o u r  r e c o r d  o f  the  f i l m.  
P e r m a n e n t  c h e m i c a l  r e a c t i o n s  are no t  a l wa ys  e f f i c i e n t  and  wi l l  
r e s u l t  in c o n s u m p t i o n  o f  any s t a b i l i s e r s  a d d e d  to the  e m u l s i o n .  
C o n s e q u e n t l y  in m o s t  ca s es  the  f a v o u r e d  r o u t e  to a s t a b l e  dye-  
c o u p l e r  s y s t e m  is v i a  t h e r m a l  d i s s i p a t i o n  o f  the  e x c i t e d  s t a t e  
energy .
The p h o t o c h e m i c a l  d e g r a d a t i o n  o f  a dye can  be s e p a r a t e d  in to  
two d i s t i n c t  m e c h a n i s m s (27): t h o s e  in w h i c h  the  dye a b s o r b s  the
8
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Chapter One
r a d i a t i o n  i t s e l f ;  and t h o se  in w h i c h  a b s o r p t i o n  o f  a p h o t o n  o ccu rs  
v i a  the  s e n s i t i s e r ,  w h i c h  t h e n  i n d u c e s  dye f ad i ng .  The se  can  be 
t h o u g h t  o f  as p r i m a r y  and s e c o n d a r y  p r o c e s s e s  r e s p e c t i v e l y .  A 
s i g n i f i c a n t  d i s c r e p a n c y  b e t w e e n  the  dye a b s o r p t i o n  and the  
s p e c t r u m  o f  the l igh t  c a u s i n g  the  d e g r a d a t i o n ,  the  “ a c t i on  
s p e c t r u m ” , s u g g e s t s  the  s e c o n d a r y  p r o c e s s  i .e.  the  p r e s e n c e  o f  a 
s e n s i t i s e r (28).
1.7 Photochemical  reactions
P h o t o c h e m i c a l  r e a c t i o n s  can be t h o u g h t  o f  as o c c u r r i n g  in t h re e  
s e p a ra t e  s teps .
1) The  a b s o r p t i o n  o f  a p h o t o n  or  the  a b s o r p t i v e  act ;  t h i s  r e s u l t s  
in an e l e c t r o n i c a l l y  e x c i t e d  m o l e c u l e ,  an e l e c t r o n i c  i so mer .
2) The  p r i m a r y  p h o t o c h e m i c a l  p r o c e ss .
3) The s e c o n d a r y  or  da r k  p r o c e s s e s  i n v o l v i n g  the  i n t e r m e d i a t e s  
p r o d u c e d  f rom the p r i m a r y  p r o c e s s .
Wi th  the  a b s o r p t i o n  o f  a p h o t o n  in the  f i r s t  s tep  a n u m b e r  o f  
e l e c t r o n i c  i s o m e r s  are p o s s i b l e .  T he se  are s h o w n in f igur e  1.4.  
The m o l e c u l e ,  i f  o r g an i c ,  wi l l  u s u a l l y  be e x c i t e d  f rom a g ro un d  
s ta t e  s i n g l e t  to a h i g h e r  en e r g y  s i n g l e t  s t a t e  i .e .  Si or  h i g h e r  S n. 
The e x c i t e d  m o l e c u l e  can t h en  u n d e r g o  p h o t o p h y s i c a l  p r o c e s s e s  
to r e t u r n  to the  g r o u nd  s ta t e .  T h e se  are d e s c r i b e d  as r a d i a t i v e  or 
r a d i a t i o n l e s s  p r o c e s s e s .  The  r a d i a t i v e  p r o c e s s e s  i n vo l v e  
p r o d u c t i o n  o f  a p h o t o n  d u r i ng  the  i n t e r c o n v e r s i o n  to the g r o u nd  
s ta t e  w h i l s t  t he  r a d i a t i o n l e s s  p r o c e s s e s  i n v o l v e  g e n e r a t i o n  o f  
heat .  T h e se  p r o c e s s e s  can  be i l l u s t r a t e d  on an s ta t e  e ne r gy  
d i ag r a m or  J a b l o n s k i  d i a g r a m  as in f i gu r e  1 . 5 / l4)
Cl ea r ly ,  s ince  the  m o s t  c o m m o n l y  us ed  m e t h o d  o f  e ne r gy  
d i s s i p a t i o n  in p h o t o g r a p h i c  dyes  i n v o l v e s  h e a t  d i s s i p a t i o n  
f o l l o w i n g  e x c i t a t i o n ,  the  r a d i a t i o n l e s s  p r o c e s s e s  are the  m o s t  
p e r t i n e n t  to u n d e r s t a n d i n g  t h e i r  p h o t o c h e m i s t r y .
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1.7 .1  I m a g e  f a d i n g
I m p r o v i n g  the  s t a b i l i t y  and  u se fu l  l i f e t i m e  o f  dyes  and  c o u p l e r s  
has  e x e r c i s e d  c o l o u r  f i lm and p a p e r  m a n u f a c t u r e r s  a g r ea t  dea l .  
Al l  c o l o u r  p r i n t  f i l m m a t e r i a l s  wi l l  f ade  wi t h  t i me ,  h o w e v e r  the  
r a t e s  o f  f a de  o f  d i f f e r e n t  dye c o m p o n e n t s  w i t h i n  the  f i lm p r o d u c t  
wi l l  no t  be the  s ame  (30).
The  s t a b i l i t y  o f  c o l o u r  p h o t o g r a p h e r s ’ m a t e r i a l s  can be s t u d i e d  
u n d e r  l i g h t  a nd  da rk  c o n d i t i o n s :  i .e.  w i t h  r e s p e c t  to l i g h t  f a d i n g  
and  d a r k - f a d i n g .  L ig h t  f a d in g  is c a u s e d  by 
p h o t o c h e m i c a l / p h y s i c a l  r e a c t i o n s  i n d u c ed  by v i s i b l e  and  n e a r  
u l t r a v i o l e t  l i g h t ,  w h i l s t  da r k  f a d in g  is a f f e c t e d  by o t h e r  
e n v i r o n m e n t a l  c o n d i t i o n s  such  as pH,  h u m i d i t y  and  t e m p e r a t u r e .  
S ou r c e s  o f  a c i d i t y  w h i c h  cau se  dye f a d i ng  are  the  p r e s e n c e  o f  
a c id i c  o x i d e s ,  p a r t i c u l a r l y  s u l p h u r  d i o x i d e  and  n i t r o g e n  o x i d e s  
( NOx) .  The  p r e s e n c e  o f  o z on e  in the a t m o s p h e r e  has  a l so  b een  
s tu d i e d  as a ca us e  o f  dye f a d i n g (31). W h i l s t  it has  b e en  f o u n d  
t ha t  y e l l o w  dyes  e x h i b i t  the  m o s t  pH s e n s i t i v i t y ,  al l  dyes  are  
s u s c e p t i b l e  to d e g r a d a t i o n  at  bo t h  h i gh  and l ow p H s (30).
1.8 Magenta dyes
P y r a z o l o n e  a z o m e t h i n e  dyes  h ave  be en  the  m a in  m a g e n t a  i ma ge  
dyes  in c o l o u r  f i lm p r o d u c t i o n  for  some year s  and  h ave  b ee n  
e x t e n s i v e l y  s t u d i e d (14, 27). S m i t h  s t u d i e d  the  n a t u r e  o f  the  
e l e c t r o n i c  t r a n s i t i o n s  o f  t h e se  dyes ,  e x a m i n i n g  the  c h a r a c t e r i s t i c  
x and  y b a n d s  in a n u m b e r  o f  s o l v e n t s  t o g e t h e r  w i t h  m o l e c u l a r  
o r b i t a l  c a l c u l a t i o n s  o f  t he se  t r a n s i t i o n s ^ 28, 30). He c o n c l u d e d  t h a t  
the  a z o m e t h i n e  dyes  e x i s t e d  as e i t h e r  syn-  or  a n t i - i s o m e r s  a b o u t  
the  C=N ( a z o m e t h i n e  bo nd ) ,  see f i gu r e  1.6,  and  t h a t  for  any dye 
wi th  R j =  H t h e n  the  l o w e s t  en e r g y  s ta t e  wo u l d  be the  syn i s o m e r .  
P y r a z o l o n e  a z o m e t h i n e  dyes  do,  h o w e v e r ,  p r e s e n t  u n d e s i r a b l e  
f e a t u re s  as dyes  for  use  as a p h o t o g r a p h i c  r e c o rd ,  m os t  n o t a b l y ,  
s e co n d a r y  a b s o r p t i o n  c h a r a c t e r i s t i c s  in the  b lue  r e g i o n  ( the  x 
band)  and  r e l a t i v e l y  p o o r  l i gh t  s t ab i l i t y .  The m a g e n t a  dyes
10
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Chapter One
d e r i v e d  f r o m 5 - p y r a z a l o n e  c o u p l e r s  h ave  b e e n  s t u d i e d  wi t h  
r e s p e c t  to l i gh t  and  da r k  f a d i ng  a c t i v i t y (30). It  w a s  f o u n d  tha t  
the  da r k  f a d i n g  was  a r e s u l t  o f  a d i m e r i s i n g  o f  the  dye wi t h  
u n r e a c t e d  c o u p l e r  a c r o s s  a C=C b o nd ,  w h i l s t  t h e  l i g h t  f a d i ng  
r e a c t i o n  r e s u l t e d  in an azo g r ou p  b e i n g  f o rm e d .  B o t h  r ou t es  
p r o d u c e  a y e l l o w i n g  o f  the  p r i n t (32). A n e w  f a m i l y  o f  dyes ,  the  
p y r a z o l o t r i a z o l e  a z o m e t h i n e  dyes  (PT dyes )  w e r e  d e s i g n e d  to 
r e m e d y  t h e s e  s h o r t c o m i n g s .  D e v e l o p e d  by B a i l e y  in  1 9 7 7 (31), the  
p h o t o c h e m i s t r y  and  a c i d / b a s e  r e a c t i v i t y  o f  t h e s e  c o m p o u n d s  
f o rms  the  s u b j e c t  m a t t e r  o f  t h i s  t he s i s .
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F i g u r e  1.7.  S t r u c t u r e s  o f  p y r a z o l o t r i a z o l e  a z o m e t h i n e  dyes .  In 
t hi s  s t udy  m o s t  e m p h a s i s  was  p l a c e d  on the  R 2 = C 0 2Et  form.  
Tha t  is the  6 C 0 2 E t - P T dye.
R 2
I den t i t y  o f  R 2  g r oup
H____________________
CQ2Et_______________
CH 3_________________
CF 3_________ ________
SQ2Me______________
NHP h __________
COPh
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Figure 1.8. Mechanisms possible for syn-anti isomerisation in PT-dyes. 
[1+3] Torsion or twist mechanisms.
[2] Linear inversion or lateral shift mechanism.
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Chapter One
The g e n e r a l  s t r u c t u r e  o f  the  p y r a z o l o t r i a z o l e  a z o m e t h i n e  dyes  is 
g iv e n  in f ig u r e  1.7.  Th ey  are p r e p a r e d  v ia  “ o x i d a t i v e  c o u p l i n g ” or 
by c o n d e n s a t i o n  wi t h  a k e t o c o u p l e r  and  a p - p h e n y l e n e d i a m i n e .  
Ty p i c a l  PT dye s p e c t r a  are  s h o w n  in f i g u r e s  1.9,  1.10,  1.11.
The  s i n g l e t  l i f e t i m e s  o f  PT dyes  are ve ry  s h o r t  at  r o om  
t e m p e r a t u r e s .  Use  o f  p i c o - s e c o n d  a b s o r p t i o n  and  e m i s s i o n  s t u d i e s  
by D o u g l a s  et a l (33  ^ have  s h ow n t h ree  t r a n s i e n t  s t a t e s  in 
p y r a z o l o t r i a z o l e  a z o m e t h i n e  dyes  in f lu id  s o lu t i o n .  It was  p o s s i b l e  
to a s s i g n  one  t r a n s i e n t  to the  f l u o r e s c e n t  s i n g l e t  s t a t e  w h i l s t  the  
o t he r  t wo  we r e  a s s i g n e d  to a t w i s t e d  e x c i t e d  s i n g l e t  and  a t w i s t e d  
g r o u n d - s t a t e  c o n f o r m a t i o n .  It has  a l so  been  s h o w n  t h a t  the  PT 
dyes  h av e  a l o n g e r  l i ve d  t r i p l e t  s ta t e ,  a h i g h e r  t r i p l e t  en e r g y  and 
p r o b a b l y  a h i g h e r  t r i p l e t  q u a n t u m  y i e l d  t h a n  t h e i r  p y r a z o l o n e  
a n a l o g u e s .  P y r a z o l o n e  a z o m e t h i n e  dyes  p h o t o d e g r a d e  v ia  b o t h  
l o we s t  e n e r g y  s in g l e t  and  t r i p l e t  s ta t es ;  b o t h  fade  r o u t e s  c ou l d  
wel l  be e x p e c t e d  to be e n h a n c e d  for  the  P T - a z o m e t h i n e  dyes  as 
d e s c r i b e d  by D o u g l a s (34).
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1.8 .1  I s o m e r i s a t i o n
The  a z o m e t h i n e  dyes  u n d e r g o  d i r e c t  and  t r i p l e t - s e n s i t i z e d  syn-  
an t i  i s o m e r i s a t i o n .  Th i s  has  b e en  e x t e n s i v e l y  s t u d i e d  and  
r e p o r t e d  by H e r k s t r o e t e r (32). F l a s h  p h o t o l y s i s  g e n e r a t e s  a 
m i x t u r e  o f  s y n -a n t i  i s o m e r s  ( see  f ig u r e  1 . 6 ).
E v i d e n c e  for  the  e x i s t e n c e  o f  syn-  ant i  i s o m e r s  o f  y e l l o w ,  cyan ,  
and  m a g e n t a  p y r a z o l o n e ,  a z o m e t h i n e  dyes  was  o b t a i n e d  by 
H e r k s t r o e t e r ^ 15  ^ wh e n  he o b s e r v e d  m e t a s t a b l e  t r a n s i e n t s  
p r o d u c e d  on f l a sh  p h o t o l y s i s  o f  dyes  in s o l v e n t s  at  r oom 
t e m p e r a t u r e .  He a l so  o b s e r v e d  an i n c r e a s e  in i s o m e r  t r a n s i e n t  
y i e l d  v ia  en e r g y  t r a n s f e r  f ro m t r i p l e t  s e n s i t i z e r s  w i t h  no e f f e c t  
f ro m d i s s o l v e d  o x y g e n  on the  t r a n s i e n t s  in the  a b s e n c e  o f  the  
t r i p l e t  s e n s i t i z e r  ( th i s  p r o v e s  i n t e r e s t i n g  in the  l i g h t  o f  w o r k  
c a r r i e d  ou t  on PT dyes  in t h i s  s tudy ,  see c h a p t e r  2) .  Thi s  wo r k  
s u g g e s t s  t h a t  i s o m e r i s a t i o n  o c cu r s  v ia  the  l o w e s t  e x c i t e d  s i n g l e t  
s t a t e  w h e n  i n d u c e d  by the  d i r e c t  a b s o r p t i o n  o f  l i g h t (15).
The r e a c t i o n s  t ha t  may  o cc u r  i m m e d i a t e l y  p r i o r  to i s o m e r i s a t i o n  
are o f  p a r t i c u l a r  i n t e r e s t ,  s i nce  e x a m p l e s  o f  dyes  w h i c h  c a n n o t  
u n d e r g o  i s o m e r i s a t i o n  e.g.  a z i n e  d y e s (15), w he r e  the  C=N b o nd  is 
u n a b l e  to r o t a te  v i a  the  m e c h a n i s m  d i s c u s s e d ,  s h o w  e n h a n c e d  
f l u o r e s c e n c e ,  h igh  t r i p l e t  y i e l d s ,  l o n g - l i v e d  t r i p l e t  s t a t e s  and  
p o or  l i gh t  s t a b i l i t y .
1.8 .2  I s o m e r i s a t i o n  m e c h a n i s m s
T he re  are  two p o s t u l a t e d  m e c h a n i s m s  for  t he  s yn -a n t i  
i s o m e r i s a t i o n  a bo u t  a C=N b ond ,  see f igu r e  1.8 [1].  The
“ t o r s i o n ” m e c h a n i s m  i n v o l v e s  a r o t a t i o n  a bo u t  the  C=N b on d  
p r o m o t e d  by a r e d u c t i o n  in d o u b l e  b on d  c h a r a c t e r  i .e .  sp > sp 
d u r in g  the  t r a n s i t i o n  s t a t e ,  h o w e v e r  the  n i t r o g e n  a t o m s  e l e c t r o n s  
r e m a i n  sp h y b r i d i s e d  t h r o u g h o u t  as i n d i c a t e d  by the  C = N - C  
bond  ang le .
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The “ i n v e r s i o n ” m e c h a n i s m  [2],  s o m e t i m e s  c a l l ed  the  ‘ l a t e r a l  
s h i f t  m e c h a n i s m ’ , r e s u l t s  in an i n c r e a s e  in b on d  an g l e  f ro m 1 2 0 °
A  A
to 180 due  to a c h a n g e  in h y b r i d i s a t i o n  f ro m sp to sp.
Wor k  c a r r i e d  out  on a se r i es  o f  dyes  wi th  v a r y in g  s u b s t i t u e n t s  at 
the  p a r a  p o s i t i o n  o f  the  a r o m a t i c  r i ng ,  and  me t h y l  g r o u p s  at  the  
6 - p o s i t i o n  [3 ,4] ,  a l l o w e d  H e r k s t r o e t e r  to a r r i ve  at H a m m e t t  
p lo t s  for  s u b s t i t u e n t s  on t he se  a z o m e t h i n e  d y e s (32). T h e s e  p l o t s  
were  f o u n d  to be V- s h ap ed ,  w i t h  p c h a n g i n g  f rom n e g a t i v e  to 
p o s i t i v e  at  a a  v a l ue  o f  a bo u t  0. Th i s  was  i n t e r p r e t e d  as 
i n d i c a t i n g  t ha t  e l e c t r o n  d o n a t i n g  g ro up s  f a v o u r  the  t o r s i o n  
m e c h a n i s m ,  w h i l s t  e l e c t r o n  w i t h d r a w i n g  g r o u ps  f a v o u r  the  
i n v e r s i o n  m e c h a n i s m .
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1.9 This study
In r e c e n t  y ea r s  a good  dea l  o f  a t t e n t i o n  has  b een  p a i d  to the  dyes  
u s ed  in the  f o r m a t i o n  o f  the  m a g e n t a  r e c o r d  o f  m u l t i l a y e r  c o l o u r  
p h o t o g r a p h y .  The  p y r a z o l o n e  a z o m e t h i n e  dyes  u s e d  e x h i b i t  
c e r t a i n  u n d e s i r a b l e  c h a r a c t e r i s t i c s ,  some  o f  w h i c h  h av e  b een  
d i s c u s s e d  in the p r e v i o u s  s e c t i o n s ,  and  th i s  has  led to an i n t e r e s t  
in the p y r a z o l o t r i a z o l e  a z o m e t h i n e  dyes .
P y r a z o l o t r i a z o l e  a z o m e t h i n e  dyes  are the  s u b j e c t  o f  t h i s  t he s i s ,  
and  the  s t r u c t u r e s  o f  the  dyes  u s e d  in t h i s  wo r k  are  s h o w n  in 
f igu r e  1.7.  T y p i ca l  v i s i b l e  s p e c t r a  are  s h own  in f ig u r e s  1.9,  1.10 
and 1 . 1 1 .
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1.10 Conclusion
Si nce  the l a te  n i n e t e e n t h  c en t u r y ,  t he r e  has  b ee n  a s t ea dy  
e v o l u t i o n  in the  d e v e l o p m e n t  o f  p h o t o g r a p h i c  c h e m i s t r y .  The  
goa l  has  a l wa ys  b ee n  to d e v e l o p  a f a i t h f u l ,  s t ab l e  c o l o u r  image .  
Thi s  has  r e l i e d  u p on  the  d e v e l o p m e n t  o f  c o u p l e r s  ( f i g u r e s  1.2,  
1.3 and  1.7) ,  t ha t  f o rm y e l l o w  cyan or m a g e n t a  c o l o u r  dyes  in the  
f i l m l ayer s .  S t a b i l i t y  o f  t he se  dyes  is a f f e c t e d  by two se t s  o f  
f ac t o r s :
• l igh t  f a d i n g  ( p h o t o c h e m i c a l  p r o c e s s e s ) ;
• da r k  f a d i n g  (pH e f f ec t s ,  t e m p e r a t u r e  etc) .
No t  al l  c o l o u r  dyes  are a f f e c t e d  by t h e se  f a c t o r s  to the  s ame  
deg r ee  (30).
P y r a z o l o t r i a z o l e  a z o m e t h i n e  dyes  are us ed  in the  m a g e n t a  r e c o r d  
o f  c o l o u r  f i l m.  Th i s  s tu dy  e x a m i n e s  t h es e  dyes  in p a r t i c u l a r  
t he i r  p h o t o c h e m i c a l  s t a b i l i t y  and  ra t e  o f  f ade  in a c id i c  and  b as i c  
m e d i a  wh er e  they  s h o u l d  o f f e r  s i g n i f i c a n t  i m p r o v e m e n t s  on the  
s t ab i l i t y  o f  p y r a z o l o n e  a z o m e t h i n e  dyes .
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2. PHOTOCHEMICAL REACTIONS
2.1 Introduction
S t e a d y - s t a t e  and  m i c r o s e c o n d  f l a sh  p h o t o l y s i s  t e c h n i q u e s  h ave  
b e e n  e m p l o y e d  by a n u m b e r  o f  w o r k e r s  in s t u d y i n g  the  
a b s o r p t i o n  and  e m i s s i o n  p r o p e r t i e s  o f  p y r a z o l o n e  and  
p y r a z o l o t r i a z o l e  a z o m e t h i n e  dyes ,  see,  for  e x a m p l e  
H e r k s t r o e t e r (15), W i l k i n s o n  et  al (35), W i l k i n s o n  et  al (36), 
D o u g l a s  et  al (33), D o u g l a s  (34), D o u g l a s  and  T o w n s e n d (37), 
D o u g l a s  and  C l a r k e  (38). F la sh  e x c i t a t i o n  g e n e r a t e s  a n o n ­
e q u i l i b r i u m  m i x t u r e  o f  i s o m e r s ,  in b o th  syn and  ant i  
c o n f i g u r a t i o n s  w h i c h  r e l a x  o ve r  the m i c r o / m i l l i s e c o n d  
t i m e s c a l e ,  to g ive ,  at  a m b i e n t  t e m p e r a t u r e s ,  one i s o m e r  in 
p r e f e r e n c e  to the  o t he r .  N M R  s t ud i e s  u s i ng  the  N O E (39) 
e x p e r i m e n t a l  t e c h n i q u e  by D o u g l a s  r ev ea l  t ha t  the 6 H- P T dye 
e x i s t s  in the  syn c o n f i g u r a t i o n  at r o om  t e m p e r a t u r e (34).
In t h i s  c h a p t e r  r e s u l t s  f rom m i c r o s e c o n d  f l a s h  p h o t o l y s i s  s t u d i e s  
o f  the  P T - d ye s  are p r e s e n t e d .  The m ai n  t h r u s t  o f  t h i s  w o r k  has  
b ee n  to e x a m i n e  the  c o m b i n e d  e f f e c t s  o f  o x y g e n  and e x c i t a t i o n  
w a v e l e n g t h  on the  t r a n s i e n t  i s o m e r  yie ld .
2.2 Transient dif ference spectra
The ch an ge  in a b s o r p t i o n  at  d i f f e r e n t  w a v e l e n g t h s  at  a s p e c i f i e d  
t i me  a f te r  the  f la sh  ( t y p i c a l l y  5 ms)  was  d e t e r m i n e d  and p l o t t e d  
a g a i n s t  the  w a v e l e n g t h .  F i g u r e s  2.1 and  2.2 s h ow such  s p e c t r a  
for  6 CC>2 E t - P T in a p o l a r  m e d i u m  i .e.  a c e t o n i t r i l e  and  in a n o n ­
p o l a r  m e d i u m ,  n - h e x a n e .  As  can be seen  t he  t h e r m a l l y  u n s t a b l e  
i s o m e r  shows  an a b s o r p t i o n  w h i ch  is s h i f t e d  a bo u t  3 0 - 5 0 n m  to 
the  red  f rom th a t  o f  the  g r o u n d  s t a t e  i somer .
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Chapter Two
2.3 Solvent effects
The r e l a x a t i o n  p r o c e s s  by w h i c h  the  g r o u n d  s ta t e  i s o m e r  
c o m p o s i t i o n  is r e s t o r e d  is a f i r s t  o r d e r  p r o c e s s  and  s o l v e n t  
e f f e c t s  on the  r a t e  c o n s t a n t  for  the  t h e r m a l  b a c k  i s o m e r i s a t i o n  
o f  6 CC>2 E t - P T  wer e  i n v e s t i g a t e d .
F ig u r e  2.3 s h ows  a t y p i ca l  i s o m e r i s a t i o n  d ec ay  c u r v e  and  the  
a p p r o p r i a t e  f i r s t  o r d e r  l i n e a r  a n a l y s i s .  Ta b l e  2.1 c o l l e c t s  r a t e  
c o n s t a n t s  for  t h i s  p r o c e s s  in t h re e  s o l v e n t s :  one  n o n - p o l a r ,  one 
p o l a r  but  n o n - H  b o n d i n g ,  and  one  p o l a r  and  H - b o n d i n g .
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F i g u r e  2 . 3 . a )  F l a s h  p h o t o l y s i s  d a t a  6 C 0 2 E t - P T  d y e  i n  a c e t o n i t r i l e
( 2 9 8 K ) .  A b s o r b a n c e  a g a i n s t  t i m e  ( m s ) .
0.06
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-Q 0.03
15 0 . 0 2
0.01
45352515
time ms
Fi gure  2 .3 .b)  F lash ph ot o l ys i s  da ta  6 C 0 2 E t - P T dye in ac e t on i t r i l e  
(298K) .  log abs o r ba nc e  aga i ns t  t ime  (ms) .
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Chapter Two
T A B L E  2.1
S o l v e n t  e f f ec t s  on A,max and t h e r m a l  i s o m e r i s a t i o n  rates  for  
6 C 0 2Et -PT
S o l v e n t Dye m k /  s ' 1
A c e t o n i t r i l e 6 C 0 2 E t - P T 605 140 (+/ -  10)
n - H e x a n e 6 C 0 2 E t - P T 608 770  (+/ -  50)
E t h a n o l 6 C 0 2 E t - P T 608 600 (+/ -  40)
A c o m p a r i s o n  o f  s o l v e n t  s o l v a t o c h r o m i c  p a r a m e t e r s  wi t h  
o b s e r v e d  r a t es  is g iven  b e l ow.  The  n *  f a c t o r  is an i nd ex  o f  the  
s o l v e n t  d i p o l a r i t y / p o l a r i s a b i l i t y ,  the  p f a c t o r  a s ca l e  o f  
h y d r o g e n - b o n d  a c c e p t o r  b a s i c i t y  i .e.  the  a b i l i t y  o f  the  s o l v e n t  to 
d o n a t e  an e l e c t r o n  pai r .
T A B L E  2 . 2 (40)
A c o m p a r i s o n  o f  rate  dat a  wi t h  s o l v a t o c h r o m i c  p a r a m e t e r s
S O L V E N T Rat e  c o n s t a n t 7t* P 8 T1
A c e t o n i t r i l e 140 0.75 0.31 35 .94 1.44
n - H e x a n e 766 -0 .08 0 . 0 0 1.89 0 . 76 6
E th an o l 605 0.54 0.77 24.3 0 . 78 9
The r e s u l t s  s h ow  no o b v i o u s  r e l a t i o n s h i p  b e t w e e n  the  s o l v e n t  
s o l v a t o c h r o m i c  p a r a m e t e r s  g i v en  and the  r a t es  o f  r e l a x a t i o n ;  
th i s  s u g g es t s  t ha t  s o l v e n t  f a c t o r s  such  as d i e l e c t r i c  p r o p e r t i e s  
and b a s i c i t y  are  not  u n i q u e l y  s i g n i f i c a n t  in d e t e r m i n i n g  the  
r e l a x a t i o n  t i m es  o f  the  dye i s o me r s .  Th i s  c o n c l u s i o n  has  a l so  
been  d r a w n  by W i l k i n s o n  et  a l (36).
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2.4 The effect of  oxygen concentration on isomer  
yield
W i l k i n s o n  et a l (35’ 36) r e p o r t e d  no o b s e r v a b l e  e f fec t  o f  o x y g e n  on 
the  i s o m e r i s a t i o n  y i e l d s  o f  any o f  the  p y r a z o l o t r i a z o l e  
a z o m e t h i n e  dyes  they  s tu d i ed .  H e r k s t r o e t e r  w o r k i n g  w i t h  
a z o m e t h i n e  dyes  r e p o r t s  t h a t  m o l e c u l a r  o x y g e n  is a p o t e n t i a l  
q u e n c h e r  o f  the  dye t r i p l e t  s t a t e (41). W or k  by K e a r n s  i n d i c a t e s  
t h a t  m o l e c u l a r  o x y g e n  co u ld  a l so  q u e n c h  the  s in g l e t  s t a t e s  o f  the  
a z o m e t h i n e  dyes  s t u d i e d (42). The  q u e n c h i n g  r e a c t i o n s  for  the  
t r i p l e t  s ta t es  are m e c h a n i s m  one - e ne r gy  t r a n s f e r :
3D* + 30 2-------- > *D +  10 2* (1)
3D* + 30 2------ > 3(3D 30 2) * ------>*D + 30 2 (2)
and  for  the  s i ng l e t  s t a t e (42) m e c h a n i s m  two - e l e c t r o n  t r a n s f e r :
‘D!* + 30 2  > D+ + 0 2 (3)
 > 3D i * + 30 2* (4)
For  m o l e c u l a r  o x y ge n  to q u e n c h  e i t h e r  s ta t e  the  l i f e t i m e  o f  the  
s t a t e  m us t  be s u f f i c i e n t l y  l ong  for  o x y g en  at  the  c o n c e n t r a t i o n  
f o u n d  in a i r - e q u i l i b r a t e d  s o l v e n t s  ( t y p i c a l l y  1 0 ' mol  d m '  in 
m o s t  o r g a n i c  s o l v e n t s ) (40) to i n t e r c e p t  the  e x c i t e d  s ta t e .  T a k i n g  
a d i f f u s i o n  c o n t r o l l e d  ra t e  o f  abo ut  1 0 1 0  mol  d m ’ 3 s ' 1 as the  
m a x i m u m  p o s s i b l e  q u e n c h i n g  ra t e  c o n s t a n t ,  t hen  a m i n i m u m  
l i f e t i m e  o f  1 0 ' 8s is r e q u i r e d (l5). G i v en  the  r e s u l t s  f ro m p r e v i o u s  
s t u d i e s (37), it  s eems  u n l i k e l y  t h a t  e i t h e r  the  s i n g l e t  or  the  t r i p l e t  
s t a t e s  o f  the a z o m e t h i n e  dyes  wi l l  be s u f f i c i e n t l y  l ong  l i ve d  to 
be e f f i c i e n t l y  q u e n c h e d  by o xy gen .  H o w e v e r ,  D o u g l a s  f o u n d  a 
v e r y  smal l  e f f e c t  o f  o x y g e n  on i s o m e r  y i e l d  w h en  s tu d y i n g  the  
PT d y e s (29).
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2 . 4 . 1  R e s u l t s
F i g u r e  2.4 s hows  i s o m e r  d ec ay  cu r ve s  for  6 C(>2 E t -P T  in 
a c e t o n i t r i l e  u n d e r  a) n i t r o g e n  and  b) a i r  a t m o s p h e r e s .  K i n e t i c  
a n a l y s i s  is s h own  in f i gu r e s  2.5 and  2.6.  The  da t a  s how t h a t  the  
i s o m e r  y ie l d  is s i g n i f i c a n t l y  q u e n c h e d  by o x y g e n  wh i l e  the  ra t e  
o f  the  t h e r m a l  b a c k  r e a c t i o n  r e m a i n s  the  s ame in an a i r  
a t m o s p h e r e  as in a n i t r o g e n  a t m o s p h e r e .  Thi s  was  such  an 
u n e x p e c t e d  r e s u l t  t h a t  t h i s  e x p e r i m e n t  was  r e p e a t e d  for  a 
n u m b e r  o f  dyes  in d i f f e r e n t  s o l v e n t s .  Ta b l e  2.3 c o l l e c t s  the  
r e s u l t s  in t e r ms  o f  the  r a t io  o f  i s o m e r  y ie l d  r e c o r d e d  u n d e r  a 
n i t r o g e n  a t m o s p h e r e  and u n d e r  a i r  i .e.  ( A [ N 2 ] / A [ 0 2 ]).  F i g u r e s  
2.7 and  2.8 and  2.9 s ho w k i n e t i c  d a t a  for  the  6 C O P h - P T  dye 
w h i c h  a l so  s h o w e d  s i g n i f i c a n t  o x y ge n  q u e n c h i n g  o f  i s o m e r  
y ie ld .
21
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Chapter Two
F i g u r e  2 . 5 . a )  F l a s h  p h o t o l y s i s  d a t a  6 C 0 2 E t - P T  d y e  i n  a c e t o n i t r i l e
( 2 9 8 K :  a i r  e q u i l i b r a t e d ) .  R e l a t i v e  a b s o r b a n c e  a g a i n s t  t i m e  ( m s ) .
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Figure  2 . 5 . b) Flash  p ho t o l ys i s  ana l ys i s  6 C 0 2 Et - PT dye in 
a ce t o n i t r i l e  (298K:  ai r  eq u i l ib r a t ed ) .  Log r e l a t iv e  a bs o r bance  
aga i ns t  t ime  (ms) .
-1.5
0 )oc
CO-QL .
03
<D
O)o
-3.5
time ms
VyllMptWA J. Tf V
S s K - 2n,fr'a) HFlaSt1I.Ph0t0lySiS data 6C° ^ Et-PT dye in acetonitri le
(ms)  P Fged W1‘h n,tr0Ren>- R^ ' - ‘ ive absorbance against time
0.06
0.05
JQ
-9 0.03
«5 0.02
0.01
35 4515
time ms
Figure  2 .6 .b)  Flash p ho t o l ys i s  ana l ys i s  6 CC>2 Et -PT dye in 
a c e to n i t r i l e  (298K:  purged  wi th n i t ro gen ) .  Log ab so rb an ce  aga ins t  
t ime (ms) .
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Chapter Two
F i g u r e  2 . 8 . a )  F l a s h  p h o t o l y s i s  d a t a  6 C O P h - P T  d y e  i n  a c e t o n i t r i l e
( 2 9 8 K :  a i r  e q u i l i b r a t e d ) .  R e l a t i v e  a b s o r b a n c e  a g a i n s t  t i m e  ( m s )
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Fi gure  2 . 8 . b) Flash  p h o t o l y s i s  an a l y s i s  6 C O Ph - P T dye in 
a c e t o n i t r i l e  (298K:  ai r  e q u i l i b r a t e d ) .  Log  r e l a t i v e  a b s o r ba nc e  
aga i ns t  t i me  (ms) .
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F i g u r e  2 . 9 . a )  F l a s h  p h o t o l y s i s  d a t a  6 C O P h - P T  d y e  i n  a c e t o n i t r i l e
( 2 9 8 K .  p u r g e d  w i t h  n i t r o g e n ) .  A b s o r b a n c e  a g a i n s t  t i m e  ( m s ) .
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Figure  2 .9 .b)  F lash  p ho t o l ys i s  ana ly s i s  6 C OPh- PT dye in 
a c e t o n i t r i l e  (298K:  p ur ged  wi th  n i t r oge n) .  Log a bs o r b an c e  aga i ns t  
t ime (ms) .
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Chapter Two
T A B L E  2.3
E f f e c t s  o f  o x yg en  q u e n c h i n g  on i s o m e r  y ie ld
DYE S O L V E N T A A ( N 2) / A A ( A i r )
6 C 0 2 E t - P T n - h e x a n e 3 .80  (+/ -  0 . 35)
6 H- PT n - h e x a n e 0.98  ( +/ -  0 . 05)
6 C 0 2 E t - P T a c e t o n i t r i l e 2 . 90  ( +/ -  0 .3)
6 H- PT a c e t o n i t r i l e 1.00 ( +/ -  0 . 05)
6 C F 3 .PT n - h e x a n e 1.00 ( +/ -  0 . 05)
6 C O P h - P T n - h e x a n e 2.5 (+/ -  0 .3)
As  can  be seen  b o t h  the  6 H - PT  and 6 C F 3 -PT dyes  give  i d e n t i c a l  
i s o m e r  y i e l d  u n d e r  n i t r o g e n  and  a i r  w h i l s t  bo th  the  6 C 0 2 E t - P T  
and  6 C O P h - P T  dyes  g ive  an e n h a n c e d  i s o m e r  y ie l d  u n d e r  
n i t r o g e n  as c o m p a r e d  to ai r .
S i m i l a r  s t ud i e s  wer e  c a r r i e d  out  wi t h  6 CC>2 E t - P T  in m e t h a n o l  
an d  e t ha no l .  H o w e v e r  u v - e x c i t a t i o n  in t he s e  s o l v e n t s  r e s u l t e d  
in a b l e a c h i n g  o f  the dye w h i c h  did no t  r e c o v e r  on s t a n d i n g ,  
s u g g e s t i n g  u.v.  p h o t o l y s i s .  The 6 C O P h - P T  dye was  a l so  
e x a m i n e d  in e th a n o l  and  m e t h a n o l ,  bu t  a ga i n  the  r e s u l t  o f  
i r r a d i a t i o n  f o l l o w i n g  o x y ge n  p u r g i n g  was  i r r e v e r s i b l e  b l e a c h i n g  
o f  the dye.
As  t ab le  2.3 s hows  for  6 CC>2 E t - P T  the  r a t io  o f  i s o m e r  y i e l d  
u n d e r  n i t r o g e n  and ai r  is s o l v e n t  d e p e n d e n t .  It was  t h o u g h t  t ha t  
t h e i r  b e h a v i o u r  m i g h t  be due to the  d i f f e r e n t  a b s o r p t i o n  
c h a r a c t e r i s t i c s  o f  the  s o l v e n t s  us ed  and  for  t h i s  r e a s o n  f i l t e r s  
we r e  i n t r o d u c e d  in to  the  f l a s h - p h o t o l y s i s  e x p e r i m e n t s  to s tu dy  
t he  e f f e c t s  o f  e x c i t a t i o n  w a v e l e n g t h  on i s o m e r  y i e l d .  The f i l t e r s  
u s e d  h ave  c u t - o f f  w a v e l e n g t h s  in the  3 0 0 - 4 0 0  nm reg i on .  B ot h  
the  6 H- PT and the  6 CC>2 E t - P T  dyes  wer e  e x a m i n e d .  The r e s u l t s  
are  c o l l e c t e d  in a t ab le  2.4.  F r o m t h i s  it can  be seen t h a t  the  
6 H - P T  dye s hows  no o x y g en  q u e n c h i n g  o f  i s o m e r  y i e l d  u n d e r
22
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any i s o m e r  c o n d i t i o n s .  H o w e v e r ,  the  de gr e e  o f  o x y g e n  
q u e n c h i n g  o f  i s o m e r  y i e l d  for  the  6 CC>2 E t -P T  d e c r e a s e s  as the  
e x c i t a t i o n  w a v e l e n g t h  i n c r e a s e s ,  s uc h  t h a t  u p on  e x c i t a t i o n  w i t h  
l i g h t  o f  w a v e l e n g t h  m u c h  g r e a t e r  t ha n  or  equa l  to 4 0 0 n m ,  no 
o x y g e n  q u e n c h i n g  is o b s e r v e d .  F i g u re  2 . 10  s h ows  the  e f f e c t  o f  
c u t - o f f  f i l t e r  w a v e l e n g t h  on A ( N 2 )/A(C>2 ) r e s p o n s e  for  the  
6 CC>2 E t - P T  dye in h e xa ne .
2 3
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Chapter Two
T A B L E  2.4
E f f e c t  o f  f i l t er s  on t r a n s i e n t  a b s o r p t i o n .
DYE F I L T E R A ( N 2) / A ( 0 2)
6 C 0 2 E t -P T  
in h e x a n e
S o d i u m  N i t r i t e  
( c u t - o f f = 4 0 0 n m )
1.00 ( +/ -  0 .05)
6 H- PT 
in h e x a n e
S o d i u m  N i t r i t e  
( c u t - o f f = 4 0 0 n m )
1.00 (+/ -  0 . 05)
6 C 0 2 E t -P T  
in h e xa n e
A c e t o n e
( c u t - o f f = 3 3 0 n m )
1.40 (+/ -  0 .06)
6 H - P T 
in h e xa n e
A c e t o n e  
( c u t - o f f = 3 3 0 n  m)
1.00 (+/ -  0 .05)
6 C 0 2 E t -P T  
in h e x a n e
T o l u e n e
( c u t >o f f =300n m)
2.47  (+/ -  0 .3)
6 H- PT 
in h e x a n e
T o l u e n e
( c u t - o f f = 3 0 0 n m )
1.00 (+/ -  0 .05)
6 C 0 2 E t - P T 
in h e x a n e
no f i l t e r 3 .80  (+/ -  0.3)
2.5 Heavy atom effects
The e f f e c t  o f  the  hea vy  a t om s o l v e n t  e thyl  i o d i d e  was  a l so 
e x a m i n e d  but  no c ha ng e  in i s o m e r  y ie ld  was  d e t e c t e d  u pon  
p u r g i n g  a i r - s a t u r a t e d  s o l u t i o n s  w i t h  n i t r o g e n .
2.6 Discuss ion
It can be s u g g e s t e d  f ro m the  f l a sh  p h o t o l y s i s  d a t a  o b t a i n e d ,  tha t  
p y r a z o l o t r i a z o l e  a z o m e t h i n e  dyes  c o n t a i n i n g  a c a r b o n y l  g r oup  
are e x c i t e d  w i t h  UV r a d i a t i o n .  The re  is e x c i t a t i o n  to a h i gh  
l eve l  s in g l e t  s ta t e ,  S n, wi t h  p r e d o m i n a t e l y  c a r b o n y l  c ha r a c t e r .  
E x c i t e d  c a r b on y l  g r ou p  c h r o m o p h o r e s  are k n o w n  to e x h i b i t  r a p id  
i n t e r s y s t e m  c r o s s i n g  to the  c l o s e - l y i n g  c a r b o n y l  t r i p l e t  s t a t e (40), 
and  it  is s u g g e s t e d  t ha t  t h i s  c a r b on y l  t r i p l e t  u n d e r g o e s  i n t r a ­
m o l e c u l a r  en e r g y  t r a n s f e r  to p o p u l a t e  the  l o w e s t  t r i p l e t  s t a t e  o f
2 4
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a z o m e t h i n e  dye,  f rom w h i c h  it  is k n o w n  i s o m e r i s a t i o n  can  occu r  
w i t h  s i g n i f i c a n t  e f f i c i e n c y (37). F u r t h e r ,  it  is t h o u g h t  t h a t  v i s i b l e  
l i g h t  i s o m e r i s a t i o n  o f  a z o m e t h i n e  dyes  o c c u r s  p r e d o m i n a n t l y  v ia  
a s i n g l e t  p r o c e s s (14). The d a t a  p r e s e n t e d  he r e  s u g g e s t  t ha t ,  for  
c a r b o n y l - s u b s t i t u t e d  p y r a z o l o t r i a z o l e  dyes ,  u l t r a v i o l e t  
e x c i t a t i o n  may  r e s u l t  in i s o m e r i s a t i o n  f ro m the  t r i p l e t  s ta t e  
w h i c h  is p o p u l a t e d  by an i n t r a - m o l e c u l a r  e ne r gy  t r a n s f e r  f rom a 
h i g h e r  t r i p l e t  s t a t e  o f  c a r b on y l  c h a r a c t e r .  W i t h o u t  the  c a r b o ny l  
s u b s t i t u e n t  the  e x c i t e d - s t a t e s  a v a i l a b l e  v i a  UV e x c i t a t i o n  do not  
s h o w  h igh  i n t e r s y s t e m  c r o s s i n g  e f f i c i e n c i e s  and  b o t h  v i s i b l e  and  
UV e x c i t a t i o n  r e s u l t s  in l ow y i e l d  i s o m e r i s a t i o n  v i a  the  s ing l e  
m a n i f o l d .
I f  th i s  e x p l a n a t i o n  is c o r r e c t ,  t hen  it  c ou l d  h a ve  i m p o r t a n t  
c o n s e q u e n c e s  for  dye l i gh t  s t a b i l i t y  b e c a u s e  it  w o u l d  be 
e x p e c t e d  t h a t  the  UV l i gh t  s t a b i l i t y  o f  c a r b o n y l  s u b s t i t u t e d  dyes  
w o u l d  be s i g n i f i c a n t l y  l ess  t ha n  t h e i r  v i s i b l e  l i g h t  s t a b i l i t y  and 
p o o r e r  t ha t  t ha t  o f  p y r a z o l o t r i a z o l e  dyes  w h i c h  do not  ca r ry  such  
a s u b s t i t u e n t  ( see  f igu re  1.7).
2.7 Conclusion
M i c r o s e c o n d  f l a sh  p h o t o l y s i s  has  been  u se d  to i n v e s t i g a t e  the 
e f f e c t s  o f  s o lv en t ,  e x c i t a t i o n  w a v e l e n g t h ,  and o x y g e n  on the 
y i e l d s  o f  p h o t o - i n d u c e d  i s o m e r i s a t i o n  for  a r an ge  o f  
p y r a z o l o t r i a z o l e  a z o m e t h i n e  dyes .  The  r a t e s  o f  t h e r m a l  
r e l a x a t i o n  s h ow no o b v i o u s  d e p e n d e n c e  on the  s o l v e n t  
s o l v a t o c h r o m i c  p a r a m e t e r s  e x a m i n e d ;  th i s  s u g g e s t s  t h a t  s o l v e n t  
f a c t o r s  su ch  as d i e l e c t r i c  p r o p e r t i e s  and  b a s i c i t y  are  not  
u n i q u e l y  s i g n i f i c a n t  in d e t e r m i n i n g  the  r e l a x a t i o n  t i m e s  o f  the  
dye i s o me r s .  UV f la sh  p h o t o l y s i s  o f  CCUEt-PT a nd  6 - C O P h - P T  
dyes  in e t h a n o l  and  m e t h a n o l  r e s u l t e d  in i r r e v e r s i b l e  b l e a c h i n g  
o f  the dye,  p o s s i b l y  due to d e s t r u c t i o n  o f  the  c h r o m o p h o r e  by 
p h o t o i n d u c e d  s o l v o l y s i s ,  w h i l s t  p h o t o l y s i s  in the  no n  p o l a r
2 5
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s o l v e n t s  n - h e x a n e  and a c e t o n i t r i l e  d id  not  d e s t r o y  the  
c h r o m o p h o r e .
The  i s o m e r  y i e l d s  for  b o t h  hCCUEt-PT and 6 C O P h - P T  s h ow an 
u n e x p e c t e d  d e p e n d e n c y  on e x c i t a t i o n  w a v e l e n g t h  and  on the  
p r e s e n c e  or a bs e n c e  o f  oxygen .  The deg r ee  o f  o x y g e n  q u e n c h i n g  
o f  i s o m e r  y i e l d  d e c r e a s i n g  as e x c i t a t i o n  w a v e l e n g t h  i n c r e a s e d .  
The  6 H- PT dye s ho ws  no such  o x y g e n  d e p e n d a n c e .  It is 
t e n t a t i v e l y  s u g g e s t e d  t h a t  t h i s  is a c o n s e q u e n c e  o f  the  
a v a i l a b i l i t y  o f  s u b s t i t u e n t - l o c a l i s e d  c a r b on y l  e x c i t e d  s t a t e s  for  
t h e s e  dyes .  It  is s u g g e s t e d  t ha t  t h e se  s t a t e s  are p o p u l a t e d  by UV 
e x c i t a t i o n  to g ive  a l o c a l i s e d  c a r b on y l  t r i p l e t  s t a t e  w h i c h  can 
e n e r g y  t r a n s f e r  in to  the  p y r a z o l o t r i a z o l e  a z o m e t h i n e  t r i p l e t  s t a t e  
l e a d i n g  to r e l a t i v e l y  e f f i c i e n t  i s o m e r i s a t i o n  v i a  the  t r i p l e t  
m a n i f o l d .
T he r e  was  no c han ge  o b s e r v e d  in i s o m e r  y i e l d  w h en  u s in g  e t hy l -  
i o d i d e  in a n i t r o g e n - s a t u r a t e d  s o l u t i o n  wi t h  e i t h e r  6 CC>2 E t - P T  or 
6 C O P h - P T  dyes  i n d i c a t i n g  no e f f e c t i v e  e x t e r n a l  h e av y  a tom 
e f f e c t  f rom t h i s  so lv en t .
2 6
C h a p t e r  T h r e e
3. HYDROLYSIS OF PYRAZOLOTRIAZOLE  
AZOMETHINE DYES
3.1 Introduct ion
The  a c i d  h y d r o l y s i s  o f  p y r a z o l o t r i a z o l e  a z o m e t h i n e  dyes  has  no t  
b e e n  e x t e n s i v e l y  s tu d i ed .  C o u t u r e  (43) has  e x a m i n e d  the h y d r o l y s i s  
o f  the  6 H- P T dye and  o b s e r v e d  t h a t  the  i mi ne  g ro up  o f  the  dye 
c o u l d  be p r o t o n a t e d  and  t ha t  in n o n - h y d r o x y l i c  s o l v e n t s  the  
m o n o c a t i o n i c  f o rm  o f  the  dye was  r e l a t i v e l y  s t a b l e ,  w h i l e  in 
e t h a n o l / w a t e r  m i x t u r e s  h y d r o l y s i s  o c c u r r e d  w i t h  f i r s t - o r d e r  
k i n e t i c s (43). He a l so  o b s e r v e d  f u r t h e r  p r o t o n a t i o n  s t eps  i n v o l v i n g  
the  a r o m a t i c  a mi no  g ro up  o f  the  d e v e l o p e r .
In t h i s  wo r k  t h os e  s tu d i e s  have  b e en  e x t e n d e d  to i n c l u d e  wor k  w i t h  
dyes  c a r r y i n g  e l e c t r o n - w i t h d r a w i n g  and  e l e c t r o n - d o n a t i n g  g r o u ps  at  
the  6 - p o s i t i o n .
3.2 E f f e c t  o f  ac id  on the  a b s o r p t i o n  s p e c t r a  o f  6CC>2Et- 
PT and 6CF3-PT
A l t h o u g h  p r o t o n a t i o n  in h y d r o x y l i c  m e d i a  is f o l l o w e d  by r e l a t i v e l y  
r a p i d  h y d r o l y s i s ,  the  p r o t o n a t e d  dyes  are r e a s o n a b l y  s t ab le  in a 
c h l o r o f o r m / t r i f l u o r o a c e t i c  ac id  m i x t u r e .
F i g u r e s  3.1 and 3.2 s how the e f f ec t  o f  i n c r e a s i n g  ac id  c o n c e n t r a t i o n  
on the  a b s o r p t i o n  s p e c t r a  o f  6 CC>2 E t - P T  and 6 C F 3 -PT.  For  6 CC>2 Et-  
PT at  l ea s t  two p K a p o s i t i o n s  are ev id en t .  One  o cc u r s  b e t w e e n  0 
and 0 . 0 1 M  ac id  and is a s s o c i a t e d  w i t h  a s l i gh t  b a t h o c h r o m i c  s h i f t  
o f  A,max f rom 6 0 6 nm  to 6 1 3n m ,  a n a r r o w i n g  o f  the  a b s o r p t i o n  b a n d  
and an i n c r e a s e  in e max- The  s e c o n d  o cc ur s  b e t w e e n  0.01 and > 1 . 0 M  
ac id  and  is a s s o c i a t e d  w i th  a m a j o r  b a t h o c h r o m i c  sh i f t  o f  ^ max f ro m 
613n m to 6 55 nm  and an i s o s b e s t i c  p o i n t  at  c a .  63 2n m.  For  6 C F 3 -PT
2 7
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the  s p e c t r a l  s h i f t s  are l ess  p r o n o u n c e d  bu t  a ga i n  two p K a t r a n s i t i o n s  
can  be p o s t u l a t e d :  one b e t w e e n  0 and 0 . 0 5M  ac i d  a ga in  a s s o c i a t e d  
w i t h  a v e r y  s l i g h t  b a t h o c h r o m i c  s h i f t  o f  A,max f rom 6 0 7n m  to 6 0 8 n m  
and an i n c r e a s e  in e max and n a r r o w i n g  o f  the  a b s o r p t i o n  ban d .  The  
s e c o n d  o c c u r s  b e t w e e n  0 . 05 M and 0 . 75 M and in m a r k e d  c o n t r a s t  to 
the  b e h a v i o u r  o f  the 6 CC>2 Et - PT ,  t h i s  t r a n s i t i o n  is a s s o c i a t e d  wi t h  a 
d e c r e a s e  in e max and a s l igh t  h y p s o c h r o m i c  sh i f t  in A,max f rom 6 0 8 n m  
to 6 04 nm .
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T A B L E  3.1
S p e c t r o s c o p i c  e f f e c t s  o f  a c i d / b a s e  on PT dye  s pe c tr a
P T - d y e A,m a x  ne ut r a l m ax  in a c i d / b a s e M e d i a  ( 29 8 K)
6 C 0 2Et  
f i g  3.3
608 nm 655 n m /  ac i d T F A ( 0 . 5 M ) /
c h l o r o f o r m
6 C F 3 
f i g  3.4
605 nm 609 n m/  ac i d T F A ( 0 . 5 M ) /
c h l o r o f o r m
6 C 0 2Et  
f i g  3.5
608 nm 609 n m /  bas e N a O H ( O . l M ) /
E t O H / w a t e r
6 C F 3 
f i g  3.6
612 nm 613 nm /  base N a O H ( O . l M ) /
E t O H / w a t e r
6 H
f i g  3.7
579 nm 579 n m/  base N a O H ( O . l M ) /
E t O H / w a t e r
A s s u m i n g  an a c i d / b a s e  e q u i l i b r i u m  e x i s t s  b e t w e e n  the  dye and the 
p r o t o n s  i n t r o d u c e d ,  then:
DYE Hnn+ < ^  DYE + nH+ 3.1
T h e r e f o r e
K= [DYE] [H+] 7  [DYE Hnn+] 3.2
and so the  n o m i n a l  p K a may  be f o u n d  as
pK a = n(pH) + log  ( [D Y E Hnn+] / [D Y E ] )  3.3
No w,  i f  c o n s i d e r a t i o n s  are ma de  o f  the  r e l a t i o n s h i p  b e t w e e n
a b s o r b a n c e s  at  f i xe d  w a v e l e n g t h  and the  r e l a t i v e  c o n c e n t r a t i o n s  o f  
the  p r o t o n a t e d  dye s p e c i e s  at  t ha t  w a v e l e n g t h ,  t h en  s ince
A x  = e . [ d y e ] . l  ( B e e r - L a m b e r t ) ,  i t  is p o s s i b l e  to m o d i f y  the  a bo ve  
r e l a t i o n s h i p  to give:
PKa = n(pH) + lo g  ( [ A max - A ] /  [A - A min ] ) ( 44) 3 .4
2 9
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A max is the  m a x i m u m  a b s o r b a n c e  v a l u e  i .e.  at  h igh  ac i d  
c o n c e n t r a t i o n .  A mjn the  m i n i m u m  v a lu e ,  i .e.  in the  a b s e n c e  o f  ac id ,  
at  t he  s ame  w a v e l e n g t h .  The t e r m  n o m i n a l  p K a is u s e d  b e c a u s e  in 
t he  n o n - a q u e o u s  s o l v e n t s  u se d  t h e r e  is no t  the  s i m p l e  r e l a t i o n s h i p  
b e t w e e n  the  a c t i v i t y  and  c o n c e n t r a t i o n  o f  i on i c  s p e c i e s ,  s uc h  as H +, 
as is f o u n d  in d i l u t e  a q u e o u s  s o l u t i o n  w h er e  the  t e r m p K a, as 
r e p r e s e n t e d  by e q u a t i o n  3.3 is va l i d .  W i t h  a l a rge  e x c es s  o f  s t r ong  
ac id
pH = - l og [a c id ]  3.5
P l o t s  o f  log ([Amax - A] /  [A - A min ]) a g a i n s t  - l o g [ a c i d ]  wi l l  g ive  
s t r a i g h t  l ines ,  the  i n t e r c e p t  on - l o g [ a c i d ]  g i v i n g  the  n o m i n a l  p K a 
v a l u e ,  and  the  s lope  g i v i n g  the  n u m b e r  o f  p r o t o n s  i n v o l v e d  in the  
ac i d  e q u i l i b r i u m .
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3.3 R e s u l t s
A b s o r p t i o n  s p e c t r a  for  the  6 C 0 2 E t - P T  and  6 C F 3 -PT dyes  in a c i d  
m e d i a  ( T F A / c h l o r o f o r m )  are g i ven  in f i gu r e s  3.1 and 3.2.  T he r e  is 
a m a r k e d  b a t h o c h r o m i c  s h i f t  wi t h  c o n c o m i t a n t  h y p e r c h r o m i c  e f f e c t  
( i n c r e a s e  in e max) for  the  6 CC>2 E t -P T  dye,  w i th  a c i d  c o n c e n t r a t i o n s  
b e l o w  0.1 M. ac i d  c o n c e n t r a t i o n s  g r e a t e r  t ha n  0.1 M r e s u l t  in a 
h y p e r c h r o m i c  e f f e c t  at  6 55nm .  The  e f f e c t  o f  a d d i t i o n  o f  ac i d  u p o n  
the  6 C F 3 -PT dye is a smal l  h y p e r c h r o m i c  e f f e c t  w i t h  a s mal l  
h y p s o c h r o m i c  sh i f t ,  t ha t  i t s e l f  is r e d - s h i f t e d  w i t h  i n c r e a s i n g  p r o t o n  
c o n c e n t r a t i o n .
R e s u l t s  o f  the  ac id  e q u i l i b r i a  m e a s u r e m e n t s  are  g iv en  for  the  
6 CC>2 E t - P T  and 6 C F 3 -PT dyes  in t ab l e  3.2.
TABLE 3.2
Acid equi l ibr ia  measurement s  for 6 C(>2 Et-PT and 6 CF 3 -PT dyes
P T - d y e p K a  ( i n T F A /  
chloroform)
n u m b e r  o f  p r o t o n s  in 
e q u i l i b r i u m
6 C F 3 0 . 7 1 1 . 2
6 C 0 2Et 0 . 7 6 2 . 1
P lo t s  o f  t h e s e  da t a  are  g i ven  o v e r l e a f  in f i gu r e s  3.8 and  3.9.  
T o g e t h e r  wi t h  f i g u r e s  3.1 and  3 .2 ,  t h e se  d a t a  s h ow t h a t  the  two 
d y e s ’ b e h a v i o u r s  in ac i d  m e d i a  are  d i f f e r e n t .  F o r  the 6 C F 3 -PT dye 
the re  is a s ing le  p r o t o n a t i o n  s tep ,  p K a= 0 . 71 ,  h o w e v e r  w i t h  the  
6 CC>2 E t - P T  dye the  s i t u a t i o n  is mo re  c o m p l e x ,  wi th  the  f i r s t  
p r o t o n a t i o n  s tep r e s u l t i n g  in a b a t h o c h r o m i c  s h i f t  f rom 6 0 6 n m  to 
61 3nm:  wi th  the  p K a < 2. The re  t he n  f o l l o w s  a f u r t h e r  p r o t o n a t i o n .  
This  s e c on d  p r o t o n a t i o n  a pp e a r s  to have  two p r o t o n s  a s s o c i a t e d
3 1
0.5
r~c
I •
*
8 n cE -0.5
So>o
-log[acid]
F i g u r e  3 .8:  6 C 0 2 E t - P t  dye  in  T F A / C h l o r o f o r m  ( 2 9 8 K , 6 5 5 n m ) .
0.5
0.25
I -0.25
-0.5
-0.75
0.5
-log[acid]
Figure 3.9: 6 CF 3 -Pt dye  in T F A /C hloroform  ( 2 9 8 K ,6 0 7 n m ) .
C h a p t e r  T h r e e
wi t h  it  f ro m the  g r aph  ( f i gu re  3 .8) :  the  s lope  g i ves  a v a l u e  o f  
a p p r o x i m a t e l y  2. S i m i l a r  r e s u l t s  wer e  r e p o r t e d  by C. C o u t u r e (43\
3.4 Acid hydrolyses  of PT dyes  
3 . 4.1  Ac i d  h y d r o l y s e s  in e t h a n o l / w a t e r
In the  p r e s e n c e  o f  ac i d  in h y d r o x y l i c  s o l v e n t s ,  PT dyes  u n d e r g o  
h y d r o l y s i s  and  t h i s  can be c o n v e n i e n t l y  s t u d i e d  by f o l l o w i n g  the  
loss  o f  a b s o r p t i o n  at  A,max as a f u n c t i o n  o f  t ime .  P lo t s  o f  dye loss  
as a f u n c t i o n  o f  t i me  at  d i f f e r e n t  p r o t o n  c o n c e n t r a t i o n s  and  
a p p r o p r i a t e  l i ne a r  f i r s t  o r d e r  p l o t s  for  a n u m b e r  o f  d i f f e r e n t  dyes  
are g i v en  in f i gu r es  3 .10  -  3 .16.
In each  case  the  h y d r o l y s e s  p r o v e d  to be f i r s t  o rd e r  wi th  r e s p e c t  to 
dye c o n c e n t r a t i o n :  p l o t s  o f  Ln A/Ao a g a i n s t  t ime  are l inea r .  The  
r a te  c o n s t a n t s  for  t h e se  h y d r o l y s e s  v a r i e d  qu i t e  m a r k e d l y  f rom 
2.4x1 O' 6  s ’ 1 ( 0 . 0 0 8 6  h o u r ' 1) for  6 M e - P T  to 2 1 . 7 x l 0 ' 6  s ' 1 ( 0 . 07 8
h o u r " 1) for  6 C F 3 -PT ( see  t ab l e  3.3) .
T A B L E  3.3
Aci d h y d r o l y s i s  rate  c o n s t a n t s  for  PT dyes  at 2 9 8 K  ( 0 . 3M  
H C l / E t O H / w a t e r ( 9 5 : 5 ) )
PT dye R a t e ( 1 0 ' 6 s ' 1)
6 C 0 2 E t - P T 13.9
6 M e -P T 2.4
6 S 0 2 M e -P T 5.0
6 C F 3 -PT 21.7
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C h a p t e r  T h r e e
3 . 4 . 2  Ac i d  h y d r o l y s e s  in d i m e t h y l s u l p h o x i d e / w a t e r
In o r d e r  to e v a l u a t e  the  e f f e c t  o f  s o l ve n t ,  a n u m b e r  o f  PT dyes  wer e  
a l so  s t u d i e d  in a c i d i f i e d  d i m e t h y l s u l p h o x i d e / w a t e r .  In each  case  
the  ac i d  h y d r o l y s i s  o f  the  dye was  f o l l o w e d  at  Xmax in a 
t h e r m o s t a t e d  ba th  at  298 K ( see  c h a p t e r  f our ,  e x p e r i m e n t a l  s e c t i o n ) .  
P l o t s  o f  dye fade  w i t h  t i me  and  a p p r o p r i a t e  l i n e a r  f i r s t  o r d e r  p l o t s  
are g iv en  in f i gu r e s  3 .17  to 3 .20.
T A B L E  3.4
A c i d  h y d r o l y s i s  rate  c o n s t a n t s  for  PT dyes  at 2 9 8 K  ( 0 .3 M  
HC1/DMSO:  w a t e r  ( 9 5 % : 5 % v / v ) )
Dye R a t e ( 1 0 " 6  s ' 1)
6 C 0 2 E t - P T 1.34
6 C F 3 -PT 0.91
The two sets  o f  d a t a  s how t h a t  t h e r e  is a m a r k e d  d e c r e a s e  in ra t e  in 
the  D M S O / w a t e r  sy s t em for  al l  P T - d y e s  c o m p a r e d  to the  
E t O H / w a t e r  sys t em.
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C h a p t e r  T h r e e
3 . 4 . 3  Ac i d  c o n c e n t r a t i o n  and its e f f ec t  on rate  c o n s t a n t
Dye s o l u t i o n s  wer e  e x a m i n e d  in the  e t h a n o l / w a t e r  and  D M S O / w a t e r  
m e d i a  at  d i f f e r e n t  ac i d  c o n c e n t r a t i o n s  and  the  ra t e  c o n s t a n t s  
d e t e r m i n e d .  The  t a b u l a t e d  r e s u l t s  o f  t h e se  h y d r o l y s e s  are g iv e n  in 
t a b l e s  3.5 to 3 .12.
3 . 4 . 4  Ac i d  h y d r o l y s e s  o f  P T - d y e s  in D M S O  and E t O H / w a t e r  
T A B L E  3.5
6 C 0 2 Et-  PT ac id  h y d r o l y s i s  HC1 / D M S O : w a t e r  ( 9 5 % : 5 % v / v )
[ H+] / mol  dm 3
1VOOW
'
0 . 38 1.39
0.5 2.78
0.7 6 . 1  1
0.9 13.89
1 . 0 19.44
T A B L E  3.6
6 S 0 2 Me- PT ac id  h y d r o l y s i s  HC1 / D M S O : w a t e r ( 9 5 % : 5 %  v /v )
[ H+] / mol  dm 3 k  /  (IO - 6  s 1)
0.38 0 . 1 1 1
0.5 2.5
0.7 5 .56
0.9 12.78
1 . 0 19.44
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T A B L E  3.7
6 C F 3  - PT ac id  h y d r o l y s i s  HC1 / D M S O : w a t e r ( 9 5 % : 5 %  v/v)
[ H+] / mol  dm 3 k /  ( 1 0 ‘ 6  s"1)
0.38 0 . 694
0.5 1.81
0.7 5.28
0.79 1 1 . 1 1
0.89 19.44
0.95 37 . 78
T A B L E  3.8
6 C 0 2Et - PT ac i d  h y d r o l y s i s  HC1/ E t O H r w a t e r  ( 9 5 % : 5 %  v / v)
[ H+] / mol  d m ' 3 k 1 ( IO - 6  s 1)
0 .24 2 . 2 2
0.5 13.89
0.7 2 2 . 2 2
0.94 47 . 22
T A B L E  3.9
6 S 0 2Me - PT ac id  h y d r o l y s i s  HC1/ E t O H i w a t e r  ( 9 5 % : 5 %  v /v )
[ H+] / mol  d m " 3 k / ( IO " 6  s ' 1)
0 .24 0.833
0.47 4.72
0.61 8.89
0.71 1 2 . 2 2
0.94 27 .78
3 5
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T A B L E  3 .10
6 C F 3  - PT ac i d  h y d r o l y s i s  HC1/ E t O H : w a t e r  ( 9 5 % : 5 %  v/v)
[ H +] / mol  d m ’ 3 k / ( 1 0 ’ 6  s ' 1)
0 . 1 0.55
0 . 24 1 . 8 6
0.5 21 . 67
0.7 36 . 67
T A B L E  3.11
6 Me - PT ac id  h y d r o l y s i s  HC1/ E t O H : w a t e r  ( 9 5 % : 5 %  v /v)
[ H+] / mol  dm 3 k  I  (IO 6  s ’1)
0 . 24 0.347
0 . 47 2.39
0.61 4.17
0.71 5.28
0 .94 9.44
T A B L E  3.12
6 N HP h  - PT ac i d  h y d r o l y s i s  HC1/ E t O H i w a t e r  ( 9 5 % : 5 %  v/ v)
[ H+] / mol  dm 3 H-k O 1 Vi 1
0 .47 6 . 1 1
0.61 10.28
0.71 13.89
0 .94 23.61
P l o t s  o f  r a t e  c o n s t a n t  a g a i n s t  p r o t o n  c o n c e n t r a t i o n  for  the  dyes  
s t u d i e d  for  b o t h  h y d r o c h l o r i c  ac i d  in e t h a n o l / w a t e r  and  in D M S O  
are g i v en  in f i g u r e s  3 . 21 ,  and  3 .22.
3 6
Fi
gu
re 
3 .
21
: 
6
X-
PT
 
dye
 
hy
dr
ol
ys
es
 H
Cl
/E
tO
H
/w
at
er
. 
29
8K
VO
X
oo oo IT} 0
.24
 
0.5
 
tH
C
1l 
m
o
1
 
dm 
0.7
 
0.
94
Fi
gu
re 
3.2
2:
 6
H-
PT
 
dye
 h
yd
ro
ly
se
s 
HC
1/
DM
SO
. 
29
8K
CD
O
if)
O
0 0
CO
ommo
CM
if)
CM
O
CO
,-V oix *
[H
C
l]
 
m
ol
 
dm
C h a p t e r  T h r e e
U n f o r t u n a t e l y ,  the  d e p e n d e n c e  o f  h y d r o l y s i s  ra t e  on ac i d  
c o n c e n t r a t i o n  is d i f f i c u l t  to r a t i o n a l i s e  and  the  s i t u a t i o n  is made  
c o m p l e x  by the  s e r i e s  o f  p r o t o n a t i o n  e q u i l i b r i a  w h i c h  o c c u r  in the  
a c i d  c o n c e n t r a t i o n  r an g e  s t ud i ed .
3.5 Hammett relat ionships
T h e  ra t e  c o n s t a n t s  (k)  at  ac id  c o n c e n t r a t i o n  0 . 47 M and 0 . 9 4 M  HC1 
in e t h a n o l / w a t e r  m e d i a  we r e  e x a m i n e d  for  a p o s s i b l e  H a m m e t t  
r e l a t i o n s h i p  v i a  a p l o t  o f  l ogk  a g a i n s t  a p. The  r e s u l t  is g i v en  in 
f i g u r e  3 . 23 ,  w h i c h  d e m o n s t r a t e s  no l i n e a r  c o r r e l a t i o n  b e t w e e n  
H a m m e t t  a p v a l u e s  and  h y d r o l y s i s  r a t e  c o n s t a n t s .  H o w e v e r  s ome ,  
a l b e i t  t e n u o u s ,  i n d i c a t i o n  o f  a p o s s i b l e  c h a ng e  in m e c h a n i s m  is 
e v i d e n t  in the  d e v i a t i o n  f ro m l i n e a r i t y  seen .  F u r t h e r  H a m m e t t  p l o t s  
we r e  p r o d u c e d  u s in g  cjp _ , cti a nd  ctr v a lu es ;  t h e se  are r e p r o d u c e d  in 
f i g u r e s  3.23 to 3 .27.
The  H a m m e t t  v a l u e s (44) for  each  s u b s t i t u e n t  are  g iven  in t a b l e  3 .13 .
T a b l e  3 .13
0 . 4 7 M  and 0 . 9 4 M HC1/ E t O H : w a t e r  ( 9 5 % : 5 %  v/v)
S u b s t i t u e n t [ H+]M k/  x 1 0 ' 6  s ' l ogk CTp CJp" O l OR
C 0 2Et 0.47
0.94
13.9
47.2
-4 . 86
-4.33
0.44 0.74 0.31 0.16
S 0 2Me 0.47
0.94
4.7
27.8
-5 .33
-4 . 56
0.73 1.05 0.55 0 . 1 2
c f 3 0.47
0.94
21.7 - 4 .66 0.53 0.65 0.42 0 . 1 1
Me 0.47
0.94
2.4
9.4
- 5 .62
- 5 .02
-0 .17
N H P h 0.47
0.94
6 . 1
23.6
-5.21
-4 .36
-0.25 0 . 1 2 -0 .48
h (43) 0.47
0.94
51.0
138.0
-4 .29
-3 .8 6
0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
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3.6  Temperature dependence of hydrolysis  rates
T a b l e  3 . 14  g i ves  the  t e m p e r a t u r e  d e p e n d e n c e  o f  h y d r o l y s i s  ra t e  
c o n s t a n t s  for  6 C 0 2 E t - P T,  6 S 0 2 M e - P T  and  6 C F 3 -PT dyes  in 
E t O H : w a t e r  ( 9 5 % : 5 %  v / v ) / H C l ( 0 . 3 M ) .
T A B L E  3 . 14  
A r r h e n i u s  data
T( °C) T(K) 1/T ( K ' 1) k ( s 1) L o g k
6 C F 3 -PT
31 304 0 . 0 0 3 2 9 0 . 019 -1 .72
25 . 5 298.5 0 . 0 03 35 0 . 0 1 1 -1 .98
19 292 0 . 0 0 3 4 2 0 . 0063 - 2 . 2
16 289 0 . 0 0 3 4 6 0 . 00 42 -2 .38
6 C 0 2 E t- PT
35 308 0 . 003 25 0.218 - 0 . 66 2
31 304 0 . 0 0 3 2 9 0 .153 -0 .815
27 300 0 . 0033 3 0 . 1 1 2 -0 .95
18 291 0 . 0 0 3 4 4 0 .056 -1 .25
15 288 0 . 0 0 3 4 7 0 .042 -1 .38
6 S 0 2 Me - PT
31 304 0 . 0 0 3 2 9 2 . 05 6  x 10 ' 5 - 4 . 68 7
28 301 0 . 0 0 3 3 2 1.820 x 1 0 ‘ 5 - 4 . 74
25.5 298.5 0 . 00 33 5 1.556 x 10 ' 5 - 4 . 808
2 0 293 0.00341 0 . 962  x IO ’ 5 - 5 . 01 7
P lo t s  o f  l ogk  a g a i n s t  1/T g ive  l i ne a r  p l o t s  o v e r  t e m p e r a t u r e  r a n g e s  
b e t w e e n  15°C ( 2 88 K)  and  35°C ( 3 08 K)  ( f i g u r e s  3 .28 to 3 . 3 0 ) ,  
s h o w i n g  t h a t  o ve r  t h i s  t e m p e r a t u r e  r ange  the  A r r h e n i u s  r e l a t i o n s h i p  
is v a l i d (45, 46) i .e.
l o g k  =  l o g A - ( A E / 2 . 3 0 3 R ) / T
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A r r h e n i u s  c o n s t a n t s  and p r e - e x p o n e n t i a l  f a c t o r s  are g i ve n  in t ab l e  
3 . 15 .
T A B L E  3.15
A r r h e n i u s  d a t a (47): PT dyes  in e t h a n o l / w a t e r  0 . 3M HC1
P T - D Y E ( E act) /kJ m o l ’1 A / 1 0 3 s 1
6 C F 3 71.9  +/ -  5 1 2  x 1 0 3
6 C 0 2Et 57.9  +/-  5 380
6 S 0 2Me 55.3 +/ -  6 67
V a l u e s  o f  AH#, AS# and AG# wer e  d e t e r m i n e d ,  u s in g  the f o l l o w i n g  
r e l a t i o n s h i p s ^ 46 :^
A =  e £ T  M ( e AS#/R)  
E act =  A H #+ R T  
A G # =  A H *  - T A S *
The r e s u l t s  are g i ven  b e l o w  in t ab l e  3 .16.
T A B L E  3.16
E n t r o p y ,  e n t h a l p y  and free  e ne r g y  data:  P T - d y e s  in
e t h a n o l / w a t e r  0 .3 M HC1.
P T - D Y E AS* J K ^ m o l ' 1 AH#/ kJ  m o l 1 AG#/ kJ  m o l 1
6 C F 3 -137 69 ± 5 1 1 0 . 2
6 C 0 2Et -146 55 ± 5 99 .0
6 S 0 2Me -161 53 ± 5 100.7
It is i n t e r e s t i n g  to no te  t h a t  the  l a rge  i n c r e a s e  in E act and  AH#, for  
the 6 C F 3 -PT dye as c o m p a r e d  to 6 CC>2 E t - P T  and 6 SC>2 M e - P T ,  is 
o f f se t  by a l a rge  i n c r e a s e  in the  p r e - e x p o n e n t i a l  f a c t o r  (A) and  a
3 9
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m o r e  m o d e s t  i n c r e a s e  in AS# such  t h a t  AG# is s i m i l a r  for  al l  t h ree  
c o m p o u n d s .  Such  c o m p e n s a t i o n  e f f e c t s  are r e l a t i v e l y  c o m m o n .  (29)
3.7 Base hydrolyses
It  is o b s e r v e d  tha t ,  as wi t h  ac id ,  P T - d y e s  u n d e r g o  h y d r o l y s i s  in  the 
p r e s e n c e  o f  a l k a l i  and  t h i s  can  be c o n v e n i e n t l y  s t u d i e d  in the  same 
m a n n e r  i .e.  by f o l l o w i n g  t he  loss  o f  a b s o r p t i o n  at  A,max as a f u n c t i o n  
o f  t ime .
P l o t s  o f  dye c o n c e n t r a t i o n  as a f u n c t i o n  o f  t i m e  are g iv e n  in f ig u r e s  
3.31 to 3 .32.  F r o m the  d a t a  o f  t h e s e  h y d r o l y s e s  it is a p p a r e n t  tha t  
the  k i n e t i c s  are no t  f i r s t  o r d e r  w i t h  r e s p e c t  to [dye] .  P l o t s  o f  
InA/Ao a g a i n s t  t i me  are n o n - l i n e a r .
W h e n  bas e  h y d r o l y s i s  da t a  for  the  C O i E t - P t  and  C F 3 -Pt  dyes  were  
a s s e s s e d  for  s e c o n d  o r d e r  k i n e t i c s  w i t h  r e s p e c t  to [dye] ,  a p l o t  o f  
1 / A 0  a g a i n s t  t i / 2  gave  a p p r o x i m a t e l y  l i n e a r  r e s p o n s e s  ( f i g u r e s  3.33 
and 3 . 34) .  Th i s  s u g g e s t s  a s e c o n d  o r d e r  c o n t r i b u t i o n  w i t h  r e s p e c t  
to [dye]  for  h y d r o l y s i s  in ba s ic  m e d i a (45).
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Figure  3.31 Base  h yd ro l ys i s  6 C 0 2 Et -PT in E t O H / w a t e r / N a O H  (0.3 
M).  608nm.  298K.  Dye c o n ce n t r a t i o n  = 2.7 x 10 ' 6  mol  d m ' 3
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Figure  3.32 Base  h yd r o l ys i s  6CF3 . PT in E t O H / w a t e r / N a O H  (0.3 M).  
608nm.  298K.  Dye c o n ce n t r a t i o n  = 2.9 x 10 ' 6  mol  d m ' 3
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F i gu re  3 .33:  P l o t  1/Ao vs.  11 /2 - Base  h y d r o l y s i s  6 C(>2 E t - P T  in 
E t O H / w a t e r / N a O H  (0.3 M).  6 0 8n m .  2 98K.
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F ig u r e  3 .34 :  P l o t  1/Ao vs.  t i / 2 . Base  h y d r o l y s i s  6 C F 3 - PT in 
E t O H / w a t e r / N a O H  (0.3 M) .  6 08 n m.  298K.
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3.8 Stopped Flow Analysis
3 . 8 . 1  I n t r o d u c t i o n
As has  a l r e a d y  b e en  m e n t i o n e d ,  i t  was  n o t i c e d  t ha t  w h e n  the  
v a r i o u s  PT dyes  wer e  s u b j e c t e d  to ac i d  h y d r o l y s i s  or  r e a c t e d  wi t h  a 
b as e ,  a d i s t i n c t  c h a n g e  in c o l o u r  was  n o t i c e a b l e  on m i x i n g .  Thi s  
was  p e r c e i v e d  to be ve r y  r ap i d ,  t a k i n g  l ess  t h a n  a s e c o n d  in t ime ,  
and  a p p e a r e d  to be a c c o m p a n i e d  by a c o n c o m i t a n t  c h a n g e  in 
a b s o r b a n c e .  See f i gu r e s  3 . 35 ,  3 .36  and 3 .37  for  the dyes  6 CC>2 Et-  
PT and  6 C F 3 - P T
The ra t e  at  w h i c h  t h i s  p r o m p t  r e a c t i o n  t o o k  p l a c e  was  a bo u t  1,000 
t i m e s  f a s t e r  t h an  the  r a t e s  o f  h y d r o l y s e s  d o c u m e n t e d  in thi s  
c ha p t e r .  C o n s e q u e n t l y  it  was  d e c i d e d  to e m p l o y  m i l l i - s e c o n d  
s t o p p e d - f l o w  t e c h n i q u e s  to s t udy  the  b e h a v i o u r  o f  the  PT dyes  wh en  
i n t r o d u c e d  in to  ac i d  and bas e  m e d i a  and over  t he  f i r s t  f ew s e co n d s  
o f  h y d r o l y s i s .  T i me  c o n s t r a i n t s  m e a n t  t h a t  t h i s  i n v e s t i g a t i o n  was  
o f  a ve ry  p r e l i m i n a r y  n a t u re .  F u r t h e r m o r e  the  c o m p l e x i t y  o f  the 
b e h a v i o u r  o b s e r v e d  m e a n t  t h a t  f ew d e f i n i t i v e  r e s u l t s  c o u l d  be 
o b t a i n e d .  H o w e v e r  t h i s  was ,  to my k n o w l e d g e ,  the  f i r s t  t i me  such  
r a p i d  k i n e t i c  t e c h n i q u e s  wer e  a p p l i e d  to a s tudy  o f  PT dye 
h y d r o l y s i s .  For  t h i s  r e a s o n  a l one ,  t he se  ve r y  p r e l i m i n a r y  r e s u l t s  
are i n c l u d e d  in t h i s  t h e s i s  in  the  h ope  t hey  may  be o f  v a lu e  to 
f u t u r e  w o r k e r s  in the  f i e ld  who  m i g h t  c o n s i d e r  t he  use  o f  s to p p e d -  
f lo w for  such  s tu d ie s .
4 1
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3 . 8 . 2  R e s u l t s
A t y p i c a l  e x a m p l e  o f  a s to p p e d  f lo w h y d r o l y s i s  is g iv en  in f igure  
3 . 38  - the  k i n e t i c s  a p p e a r  qu i t e  c om p l e x .  The  t r ace  can be 
s e p a r a t e d  i n t o  two or  t h re e  d i s t i n c t  r e g i o n s ,  an i n i t i a l  d ecay  (I) ,  a 
f o r m a t i o n  s tep  (II)  and  t h en  a f u r t h e r  d ecay  s e q u e n c e  (II I) .  The 
r e s u l t s  s eem to be c o n s i s t e n t  w i th  a se r i es  o f  two (or  e ven  t h re e )  
c o n s e c u t i v e  (or  s u c c e s s i v e )  r e a c t i o n s .
3 . 8 . 3  S u c c e s s i v e  r e a c t i o n s
In a s e q u e n c e  o f  s u c c e s s i v e  r e a c t i o n s :
at  t i m e = 0 ,  [B] and [C]=0 .  But  as the  r e a c t i o n  p r o c e e d s  [A] 
d e c r e a s e s  to 0. As  B is f o rm e d  i ts  c o n c e n t r a t i o n  i n c r e a s e s  to a 
m a x i m u m  v a lu e  as seen  in f ig ur e  3 .38;  t h i s  oc cu r s  at  t ime ,  t m. [B] 
wi l l  t he n  fa l l  to zero  as C is f o rmed .  Now,  the  f a s t e r  the  ra te  o f  
f o r m a t i o n  o f  B r e l a t i v e  to i ts  d e c o m p o s i t i o n  to C the  l a r g e r  wi l l  be 
the  r a t io  k i / kn and c o n s e q u e n t l y  the  l a r ge r  wi l l  be the  va lu e  o f  
y m(47). I f  we a s s um e  t h a t  each  i n t e r m e d i a t e  is i n v o l v e d  in f i r s t  
o r d e r  k i n e t i c s ,  then:
A  ki * B  kii *  C
d [ C ] / d t  = k n [B] 3.5
w h i c h  y i e l d s  the  f o l l o w i n g  d i f f e r e n t i a l  e q u a t i on :
d [ C ] / d t +  k n [ C ]  = k n a t ( 1-  e ' kl l) 
W h er e  a t = [A] /  [ A ] t. S o l v in g  th i s  g ives :
3.6
[C],  = a, ( 1+ [ k„  e k, e -k" *]/ k, -  k „ ) 3.7
and
[ B ] t = [ A ] t- [ C ] t = [a tk, /  k r  k„ ]  (e ‘ k l 1  k x e ' k‘ ') 3.8
4 2
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D i f f e r e n t i a t i n g  e q u a t i o n s  3.7 and  3.8 g i ves  the  m a x i m u m
a b s o r b a n c e  ( y m ) and  the  v a l ue  t m, t he  t i me  to the  m a x i m a l  va lue :
t m  = ( lnki /  k n ) /  ki - kn  3.9
y m  = a, (k, , /  k,) kll/ kl' kl> 3 . 1 0 (47>
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3.8 .4  Evidence
A n u m b e r  o f  t h e se  s t o p p e d  f low t r a c e s  wer e  a n a l y s e d  u s in g  a 
m a t h e m a t i c s  m o d e l i n g  p r o g r a m  ( i . e .  ‘T a b l e c u r v e  v. I I ’ . J a n d e l l ) .  A 
n u m b e r  o f  t h e s e  are r e p r o d u c e d  in f i gu r e s  3 .39  to 3 .42 - the  s o l id  
l i ne  b e i n g  the  bes t  f i t  to an e q u a t i o n  o f  the  f o rm o f  y = a + b c  ( ex p ( -  
c x ) - e x p  ( - d x ) ) / ( d - c )  w h er e  c>d.  W h i l s t  t h e s e  a n a l y s e s  n e ed  to be 
t r e a t e d  w i t h  s ome  c a u t i o n ,  i t  does  a p p e a r  t h a t  a s e q u e n c e  o f  
c o n s e c u t i v e  r e a c t i o n s  are in e v i d e n c e  p o s s i b l y  w i th  the  f o r m a t i o n  
o f  a p r o t o n a t e d  i n t e r m e d i a t e .  Th i s  w o u l d  be c o n s i s t e n t  wi t h  the  
p K a a n a l y s e s  c o m p l e t e d  p r e v i o u s l y .
It was  p o s s i b l e  to a na l ys e  the  s t o p p e d  f lo w ac i d  h y d r o l y s i s  o f  the  
6 CC>2 Et  dye c o n c e n t r a t i n g  on the  f ina l  p h a s e  o f  the  r e a c t i o n  i .e.  
r e g i o n  III.  T r e a t i n g  t h i s  r e g i o n  in i s o l a t i o n  and as a f i r s t  o rd e r  
r e a c t i o n ,  r a t e  c o n s t a n t s  were  d e t e r m i n e d  for  the  dye in v a r y i n g  
ac id  c o n c e n t r a t i o n s  (0.5 to 5 M).  A s i g n i f i c a n t  i n c r e a s e  in ra te  
is o b s e r v e d  wi t h  i n c r e a s e  in ac id  c o n c e n t r a t i o n ;  th i s  is 
i l l u s t r a t e d  in f igu r e  3.43.
U s i ng  a s i m i l a r  a p p r o a c h  o f  i s o l a t i n g  the  k i n e t i c  r e g i o n s  o f  the  
c u r v e s ,  i t  was  p o s s i b l e  to d e t e r m i n e  the  ra t e  c o n s t a n t s  for  
r e g i o n s  II and  III at  c o n s t a n t  ac id  c o n c e n t r a t i o n  t h e se  are g iv en  
in t a b l e  3 .15:
TABLE 3.17
Rate cons tan ts  for 6 CC>2 Et-PT dye.  Acid hydro lys i s  (H 2 SO 4 ).
[Acid] M k„ [ s 1] km [ s 1]
4 14.03 +/ -  0.3 1.42 +/-  0.2
0.5 0.62 +/-  0.05 0.21 +/-  0.05
From t h e s e  d a t a  it is a p p a r e n t  t ha t  the  s e c o n d  and  t h i r d  p h a s e  
ra te  c o n s t a n t s  d i f f e r  by ab ou t  a f a c t o r  o f  3 - 10.
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O b t a i n i n g  the  v a l u e s  o f  ki p r o v e d  to be mo re  p r o b l e m a t i c ,  the  
t i m e s c a l e s  for  the  f i r s t  p h as e  b e i n g  l ess  t h an  0 . 1  s econd .
The  r e s u l t s  f ro m t h i s  p r e l i m i n a r y  s t ud y  m u s t  be v i e w e d  w i t h  
s ome  c a u t i o n .  H o w e v e r ,  the  s t udy  did  s h ow  a s u r p r i s i n g  
c o m p l e x i t y  in n a t u r e  o f  t h e se  r e a c t i o n s .  F u r t h e r  wor k  i n v o l v i n g  
a d e t a i l e d  s p e c t r a l  s tudy ,  and  a “ g l o b a l ” cu r ve  a n a l y s i s  wi l l  be 
n e c e s s a r y  to h e lp  u n r a v e l  t h i s  c o m p l e x  s e r i e s  o f  r e a c t i o n s .
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F i g u re  3 . 40 .  S t o p p e d  F l o w  6 C 0 2 E t - P T  dye in E t h a n o l / w a t e r  
( 5 0 : 5 0 % )  S u l p h u r i c  ac i d  ( 1 . 0 M  / 2 98 K) .
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F i g u r e  3 . 41 .  S t o p p e d  F l o w  6 C 0 2 E t - P T  dye in E t h a n o l / w a t e r  
( 5 0 : 5 0 % )  S u l p h u r i c  a c i d  ( 4 . 0 M  / 2 98K) .
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F i g u r e  3 . 42 .  S t o p p e d  F l o w  6 CC>2 E t - P T  dye in E t h a n o l / w a t e r  
( 5 0 : 5 0 % )  S u l p h u r i c  ac i d  ( 5 . 0 M  /  2 98 K ) .
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F i g u r e  3 . 43 .  R a t e  C o n s t a n t  Km  vs.  - L o g f A c i d ] .  S t o p p e d  Flo  
6 C 0 2 E t - P T  dye  in E t h a n o l / w a t e r  ( 5 0 : 5 0 % )  S u l p h u r i c  a c i d  
2 9 8  K ) .
w
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3.9 Conclusion
P r o t o n a t i o n  o f  t he  6 C 0 2 E t - P T  dye in c h l o r o f o r m  r e s u l t s  in an 
i n c r e a s e  in e m ax  and  a n a r r o w i n g  o f  the  a b s o r p t i o n  b a n d  t o g e t h e r  
w i t h  a b a t h o c h r o m i c  shi f t .  At  l e a s t  two p K a  t r a n s i t i o n s  are 
a p p a r e n t .  The  6 C F 3 - P T  dye d i s p l a y s  s i m i l a r  c h a r a c t e r i s t i c s ,  bu t  the  
s e c o n d  p K a  t r a n s i t i o n  a c c o m p a n i e s  a s l i gh t  h y p s o c h r o m i c  s h i f t  in 
^ m a x .  T h i s  is c o n s i s t e n t  wi t h  s t u d i e s  o f  the  6 H - P T  dye c o n d u c t e d  
by C. C o u t u r e (43). S t u d i e s  o f  the  6 CC>2 Et - P T  dye s u g g e s t  t ha t  a 
c o m p l e x  m e c h a n i s m  w i t h  two p r o t o n a t i o n  s t eps .  It is s u g g e s t e d  
t h a t  t he  s e c o n d  p r o t o n a t i o n  s tep  has  two p r o t o n s  in e q u i l i b r i u m .  
A g a i n ,  t h i s  is c o n s i s t e n t  wi t h  p r e v i o u s  s t u d i e s (43).
In a c i d i c  h y d r o x y l i c  m e d i a  the  p y r a z o l o t r i a z o l e  a z o m e t h i n e  dyes  all  
f ade  f o l l o w i n g  f i r s t  o r d e r  k i n e t i c s .  Ra t e  c o n s t a n t s  r an g e  f rom 2 x 
10 ' 6  s ' 1 ( 6 M e - P T  dye)  to 22 x 10 ' 6  s ' 1 ( 6 C F 3 -PT dye) .  H o w e v e r ,  the  
ra t e  c o n s t a n t s  we r e  g r e a t l y  r e d u c e d  by a f a c t o r  o f  200 for  the  6 C F 3 - 
PT,  and  a f a c t o r  o f  10 for  6 C 0 2 E t - P T  dye.
Base  h y d r o l y s e s  o f  6 CC>2 E t - P T  and CF3 -PT dyes  were  f o u n d  to be 
s e c o nd  o r d e r  w i t h  r e s p e c t  to dye c o n c e n t r a t i o n .
I n d i c a t i o n s  o f  a p o s s i b l e  ch an g e  in m e c h a n i s m  for  the  h y d r o l y s i s  o f
dyes  in e t h a n o l :  w a t e r  ( 9 5 % : 5 %  v / v )  is s u g g e s t e d  by p l o t s  o f  log k
a g a i n s t  H a m m e t t  sr  and  sR va l u e s .  The re  a p p e a r s  to be a m a r k e d
“L - s h a p e d ” c o r r e l a t i o n  b e t w e e n  sr v a l u e s  and  log  k s u g g e s t i n g  a
 ^ #
c h ang e  in m e c h a n i s m  for  i n d u c t i v e  g r o u p s  (e .g.  CH ) w i t h  n e g a t i v e  
sr v a l u e s  and  e l e c t r o n  w i t h d r a w i n g  g r ou ps  (e .g .  CF3 and  6 CC>2 Et  
g ro up s )  w i t h  p o s i t i v e  sr v a l ues .  Wi th  sR v a l u e s  a s i m i l a r l y  
p r o n o u n c e d  “ L - s h a p e d ” c o r r e l a t i o n  is seen.
A r r h e n i u s  c o n s t a n t s  and  p r e - e x p o n e n t i a l  c o n s t a n t s  were  c a l c u l a t e d .  
A ve r ag e  E a c t  v a l u e s  o f  6 1KJ  m o l ' 1 were  o b s e r v e d  for  the  t h re e  
dyes.  AG# v a l u e s  w e r e  s i m i l a r  for  the  t h re e  dyes  s t ud i ed :  a v e r a g e
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v a l ue  b e i n g  103 KJ m o l ' 1. The  CF3 -P T  dye d e m o n s t r a t e d  a l arge
^ 1
p r e - e x p o n e n t i a l  f a c t o r  ( 120 x 10 s " )  c o m p a r e d  to the  6 CC>2 E t - PT  
and the  6 SC>2 M e - P T  dyes .  Th i s  s u g g es t s  a c o m p e n s a t i o n  e f f e c t (29  ^
for  the  l a r g e  r i se  in Eac t  and  AH# v a l u e s  seen  for  the  C F 3 - P T  dye.
P r e l i m i n a r y  i n v e s t i g a t i o n s  o f  m i l l i s e c o n d  s t o p p e d  f lo w h y d r o l y s e s  
wer e  c a r r i e d  out  in a q u e o u s  and n o n - a q u e o u s  m e d i a .  The  r e su l t s  
are c o m p l e x :  t h e r e  is e v i d e n c e  to s u g g es t  t h re e  s u c c e s s i v e
r e a c t i o n s ,  the  s e c o n d  and  t h i r d  p h as e  o f  w h i c h  d i f f e r  in ra t e  by a 
f a c t o r  o f  b e t w e e n  3-10.
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4. EXPERIMENTAL
4.1 Chemicals
The  f o l l o w i n g  c h e m i c a l s  wer e  s u p p l i e d  by BDH ( P o o l e ,  Dor se t ,  
UK) :  n - h e x a n e ,  c h l o r o f o r m ,  a c e t o n i t r i l e ,  m e t h a n o l ,  e t h a n o l ,  95% 
( w/ v)  h y d r o c h l o r i c  ac id ,  38% ( w/ v)  s u l p h u r i c  ac i d ,  s o d iu m
h y d r o x i d e  ( A n a l a R ) .  T r i f l u o r o a c e t i c  ac id  and
d i m e t h y l s u l p h o x i d e  ( A n a l a R)  were  o b t a i n e d  f ro m F l uk a  
c h e m i c a l s  and  n i t r o g e n  f ro m BOC g ases .  K o d a k  L im i t e d  
s u p p l i e d  al l  dyes .  The  s t r u c t u r e s  o f  the  dyes  are g i v en  in f igur e
1.7.
4.2 Solutions  
S o l u t i o n s  o f  P T - d y e s
The  s o l u t i o n s  o f  dyes  wer e  p r e p a r e d  by a d d i n g  a s mal l  q u a n t i t y  
o f  dye ( t y p i c a l l y  < 2 0mg )  to 100ml  o f  s o lv en t .  Th i s  was  then  
s o n i c a t e d  for  one  h our  at r oo m t e m p e r a t u r e .  U v - v i s i b l e  s p e c t r a  
we r e  c a r r i e d  ou t  on al l  s o l u t i o n s  to a s c e r t a i n  the  c o n c e n t r a t i o n  o f  
dye s o l u t i o n  u s i n g  a va lu e  o f  s max = 1 0 4 m o l ' 1 d m 3 c m ' 1 (29).
S o l u t i o n s  o f  h y d r o c h l o r i c  acid
A q u e o u s  s o l u t i o n s  o f  h y d r o c h l o r i c  ac id  wer e  p r e p a r e d  by d i l u t i o n  
o f  12M ( d e n s i t y =  1.1 8  g / ml )  h y d r o c h l o r i c  ac id .  In n o n - a q u e o u s  
m e d i a  (e .g.  e t h a n o l / w a t e r  [ 9 5 % : 5 %  v / v] )  s o l u t i o n s  o f  d i f f e r e n t  
c o n c e n t r a t i o n s  we r e  p r e p a r e d  by a d d i n g  the  a p p r o p r i a t e  m ass  o f  
c o n c e n t r a t e d  a c id  to the  s o l v e n t / w a t e r  m i x t u r e .
Mi x e d  media
S o l u t i o n s  o f  o r g a n i c / a q u e o u s  m e d i a  wer e  p r e p a r e d  u s i n g  A n a l a R  
or  s p e c t r o s c o p i c  g r ad e  e t h a n o l ,  m e t h a n o l  and  DM SO wi th  d o ub l y  
d i s t i l l e d  d e i o n i s e d  wa t er .  T y p i c a l l y ,  m e d i a  c o n s i s t i n g  o f  s o lv e n t
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to w a t e r  in the  p r o p o r t i o n s  95:5 v / v  wer e  used .  W h er e  p o s s i b l e  
a l l  dye s o l u t i o n s  and  ac id  and  a l k a l i  r e a g e n t s  wer e  p r e p a r e d  f rom 
the  s ame  s to ck  a q u e o u s  s o lu t i o n .
N o n - a q u e o u s  m ed ia
S o l u t i o n s  o f  no n  - a q u e o u s  m e d i a  w e r e  p r e p a r e d  u s i n g  A n a l a R  or 
s p e c t r o s c o p i c  g rade  c h l o r o f o r m ,  a c e t o n i t r i l e ,  n - h e x a n e .
4.3 Methods
4 .3 .1  U v / v i s i b l e  s p e c t r o p h o t o m e t r y
U v / v i s i b l e  s p e c t r o p h o t o m e t r y  was  c a r r i e d  out  u s i n g  one  o f  t h re e  
i n s t r u m e n t s .  F o l l o w i n g  p r e p a r a t i o n  o f  s o l u t i o n s  o f  the  dyes ,  
s p e c t r a  wer e  run  on a s i ng l e  b e a m s c a n n i n g  s p e c t r o p h o t o m e t e r  
PU 8720 U V / V I S  u s i n g  a 1cm q u a r t z  ce l l .  F rom  the  a b s o r b a n c e  
and u s i n g  e x t i n c t i o n  c o e f f i c i e n t s  o f  5 x 10 4  m o l ' 1 d m 3 c m ' 1 for  
6 C F 3 - P T ,  6 H- P T and  6 C O P h - P E  dyes  and  a v a l ue  o f  6.61 x 
10 4 m o l ' 1 d m 3 c m _1 for  the  6 C O 2 ET dye,  c o n c e n t r a t i o n s  c o u l d  be 
c a l c u l a t e d (29). The  i n s t r u m e n t  was  r e l i a b l e  in a b s o r b a n c e  r a n g e  
o f  0.1 to 2.0 .  Dye s o l u t i o n s  w er e  t y p i c a l l y  p r e p a r e d  w i t h  
a b s o r b a n c e s  o f  1.2 to 1.5 at  ^ max in a 1cm cel l  in o r d e r  to 
a c h i e v e  a s u i t a b l e  s ign a l  s t r e n g t h  in f l a sh  p h o t o l y s i s .
M e a s u r e m e n t s  o f  the  ac id  h y d r o l y s e s  o f  dyes  in e t h a n o l /  w a t e r  
and in D M SO  wer e  p e r f o r m e d  u s i n g  a PYE U N I C A M  S P 6  200 
s ing l e  beam i n s t r u m e n t .  M e a s u r e m e n t s  o f  the  ra t e  o f  h y d r o l y s e s  
wer e  p e r f o r m e d  on the  r e a c t i o n  m i x t u r e  in a 1 cm q u a r t z  ce l l .  
The r e a c t i o n  m i x t u r e  was  p r e p a r e d  by p i p e t t i n g  a v o l u m e  o f  the  
dye s o l u t i o n  i n to  the  ce l l  f o l l o w e d  by a v o l u m e  o f  the  ac i d ,  
d e l i v e r e d  v i a  a m i c r o p i p e t t e ,  w h i c h  was  c h o s e n  to g iv e  the  
r e q u i r e d  b u l k  c o n c e n t r a t i o n  in the  ce l l .  O nce  the  i n i t i a l  
a b s o r b a n c e  was  d e t e r m i n e d  (Aq) the  ce l l  was  p l a c e d  in a
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t h e r m o s t a t t e d  ba t h  at  2 0 ° C ,  and r e m o v e d  at  a p p r o p r i a t e  i n t e r v a l s  
f o r  m e a s u r e m e n t s  o f  a b s o r b a n c e .  The  u v / v i s i b l e  
s p e c t r o p h o t o m e t e r  was  us ed  on the  0 - 1  a b s o r b a n c e  s e t t i n g  w h i c h  
g ave  a p r e c i s i o n  o f  a b ou t  0 .005  a b s o r b a n c e  un i t s .
The  d e t e r m i n a t i o n s  o f  the  p K a v a l u e s  for  the  dyes  we r e  c a r r i ed  
o u t  on  a P e r k i n  E l m e r  L a m b d a - 9  dua l  b e a m s p e c t r o p h o t o m e t e r ,  
u s i n g  m a t c h e d  q u a r t z  ce l l s .  A l i q u o t s  o f  a s t o c k  s o l u t i o n  o f  dye 
in c h l o r o f o r m  wer e  p i p e t t e d  in to  a 1 cm q u a r t z  ce l l  and ,  as wi t h  
the  e x t e n d e d  h y d r o l y s e s  o f  the dyes  in e t h a n o l / w a t e r  m ed i a ,  a 
m i c r o p i p e t t e  was  u s e d  to i n t r o d u c e  a v o l u m e  o f  t r i f l u o r o a c e t i c  
a c i d  to a c h i e v e  the  r e q u i r e d  ac id  c o n c e n t r a t i o n .  The  a b s o r b a n c e  
o f  the  s o l u t i o n  was  t h e n  s c a n n e d  f ro m 400 - 7 0 0 n m  and the 
p r o c e s s  r e p e a t e d  for  the  o t he r  ac i d  c o n c e n t r a t i o n s .  Base  l ine 
v a l u e s  for  the  dyes  were  d e t e r m i n e d  u s i n g  a ‘d o u b l e  b l a n k ’ .
4 . 3 .2  F l a s h  p h o t o l y s i s  m e a s u r e m e n t s
F l a s h  p h o t o l y s i s  m e a s u r e m e n t s  for  the  dyes  were  o b t a i n e d  u s in g  
an A p p l i e d  P h o t o p h y s i c s  200 J m i c r o s e c o n d  u n i t ;  the  p u l s e  
d u r a t i o n  was  10 p sec  wi th  a p u l s e  e n e r g y  o f  a p p r o x i m a t e l y  150 J. 
E a c h  f l a sh  m e a s u r e m e n t  was  c a r r i e d  out  on « 30 cm o f  dye 
s o l u t i o n  in a ce l l  w i t h  a pa t h  l en g t h  o f  10 cm.  W h e n  r e q u i r e d  
t he  dye s o l u t i o n s  wer e  d e g a s s e d  by p a s s i n g  o x y g e n - f r e e  n i t r o g e n  
t h r o u g h  a s e p t u m .  I n i t i a l l y  loss  o f  s o l v e n t  d u r i ng  d e g a s s i n g  was  
s o lv ed  by use  o f  D r e s c h e l  b o t t l e s  c o n t a i n i n g  the  s o l v e n t  up 
s t r e am  o f  the  ce l l .  H o w e v e r  t h i s  p r o v e d  to be u n w i e l d y  so an 
a l i q u o t  o f  s o l v e n t  was  a d de d  to the  cel l  p r i o r  to d e g a s s i n g  and 
d e g a s s i n g  s t o p p e d  when  the  o r i g i n a l  v o l u m e  o f  the  s o l u t i o n  was  
r e a c h e d  (a m a r k  on the n eck  o f  the  cel l  i n d i c a t e d  t h i s ) ;  t y p i c a l l y  
t h i s  was  a c h i e v e d  a f t e r  15 m i n u t e s  o f  d e ga s s i ng .  T e m p e r a t u r e  
c o n t r o l  was  m a i n t a i n e d  u s in g  a w a t e r  ‘j a c k e t e d ’ cel l  l i n k e d  to a 
t h e r m o s t a t t e d  b a t h  at 2 0 °  C; the  t e m p e r a t u r e  o f  the  s o l u t i o n  was
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c h e c k e d  u s i ng  a s t a n d a r d  m e r c u r y - i n - g l a s s  t h e r m o m e t e r  w i t h  an 
a c c u r a c y  o f  0 . 1  °C.
The dyes  wer e  e x a m i n e d  by m i c r o s e c o n d  f l a sh  p h o t o l y s i s  and,  
i n i t i a l l y ,  the  d e t e c t o r  w a v e l e n g t h  wa s  set  to the  A,max o f  a b s o r p t i o n  
p l us  40nm.  H o w e v e r ,  for  6 CC>2 E t - P T  dye the  be s t  s igna l  r e s p o n s e  
was  f ound  to be o b t a i n e d  at  6 8 0 n m  in al l  s o l v e n t s  used .
The  t r a n s i e n t  d a t a  wer e  r e c o r d e d  on a G ou ld  OS 4 02 0  d i g i t a l  
s t o r age  o s c i l l o s c o p e  and t h e n  t r a n s f e r r e d  to a BBC 
m i c r o c o m p u t e r  for  da t a  h a n d l i n g  s to r ag e  and a n a ly s i s .  Da ta  
s t o r ed  on 5.25 i nc h  d i sc  was  t r a n s f e r r e d  to 3.5 inch  f o r m a t  and 
as a s c i i  f i l e s  for  f u r t h e r  a n a l y s i s  on a P e n t i u m  PC u s ing  E x c e l  
(V)  and J a n d e l l  S c i e n t i f i c  p a c k a g e s  i .e.  T a b l e C u r v e  v II. In 
f ig u r e s  r e p o r t e d  he r e  a u t o m a t i c  s c a l in g  on t h es e  p a c k a g e s  is 
r e s p o n s i b l e  for  the  x - a x i s  t i me  s ca l es .
4 .3 .3  S t o p p e d  f low m e a s u r e m e n t s
The s t o p pe d  f low a n a l y s e s  wer e  c a r r i e d  out  on a ‘H i T e c h ’ 
s t op pe d  f lo w a p p a r a t u s ,  t h e r m o s t a t t e d  to 298K.  The  k i n e t i c  d a t a  
o b t a i n e d  wer e  r e c o r d e d  on a G ou l d  OSIOOO s t o r age  o s c i l l o s c o p e  
l i nk ed  to a BBC m i c r o c o m p u t e r  for  d a t a  s to rage ;  f i l e s  wer e  
t r a n s f e r r e d  to 3.5 i nch  f o r m a t  for  a n a l y s i s  by E n z f i t t e r  and 
J ande l  s c i e n t i f i c  p a c k a g e s .  T e m p e r a t u r e  c o n t r o l  was  a c h i e v e d  
wi th  a t h e r m o s t a t t e d  b a t h  at  25°C wh i ch  c o v e r e d  the  r e a c t a n t  
r e s e r v o i r  and  s t o r a ge  s y r in ges .  M e a s u r e m e n t s  o f  r a t e  d a t a  wer e  
ca r r i ed  out  for  the  dyes  u s i n g  t h e i r  r e s p e c t i v e  A,max as m o n i t o r i n g  
wa ve l e n g t h .
^  o'> ^
LIBRARY
R e f e r e n c e s
REFERENCES
1. J. M. Ed er ,  H i s t o r y  o f  P h o t o g r a p h y ,  C o l u m b i a  U n i v e r s i t y
Pr es s ,  N e w  Yor k ,  1945.
2. J. S. F r i e d m a n ,  A m .  P h o t o g r a . , 1939,  3 3 ,  465.
3. J. C. M a x w e l l ,  B r i t .  J .  P h o t o g r . ,  1861,  8 , 270 .
4. P. G l e n d i n n i n g ,  C o l o u r  P h o t o g r a p h y ,  P r e n t i c e  Hal l ,  Inc . ,  
1985,  p 5 .
5. Du co s  du H u r on ,  L .  P h o t o g r .  N e w s ,  1869,  1 3 ,  319.
6 . G. Ha i s t ,  M o d e r n  P h o t o g r a p h i c  P r o c e s s i n g ,  Vol .  2; J. Wi l ey  
and Sons ,  N e w  York ,  1979,  p425 .
7. R. F i sc h e r ,  G e r m a n  P a t e n t  2 5 3 3 3 5 ,  1912.
8 . J. I. F o r r e s t  and  F. M. Wi ng ,  J .  S o c .  M o t i o n  P i e t .  E n g . ,
1937,  29,  248.
9. R. D. Th eys  and G. S o s n o v s k y ,  C h e m i s t r y  and P r o c e s s e s  o f  
C o l o u r  P h o t o g r a p h y ,  C h e m .  R e v . ,  1997,  97,  p 8 3 - 1 3 2 .
10. S. Da hn e ,  J .  I m a g i n g  S c i .  T e c h n o l . ,  1994,  38,  101.
11. R. W. G u r n e y  and N.  F. Mot t ,  P r o c .  R .  S o c . ,  1938,  A 1 6 4 ,
151.
12. R. K. H a i l s t o n e  and J. F. H a m i l t o n ,  J .  I m a g i n g  S c i , .  1985,  
29,  125.
5 2
R e f e r e n c e s
13 L. K. J. Tong ,  T h e o r y  o f  the  P h o t o g r a p h i c  P r o c e s s ,  4 th ed. ,  
M a c m i l l a n  Pub.  Co. ,  N e w  Yo rk ,  1977,  p339 .
14. S. T o w n s e n d ,  PhD Th e s i s  P h o t o c h e m i s t r y  o f  A z o m e t h i n e  
Dyes ,  U n i v e r s i t y  o f  W al es  S w a n s e a ,  May 1992.
15. W.G.  H e r k s t r o e t e r ,  J .  A m .  C h e m .  S o c . ,  1975,  97,  3090 .
16. L. F l e c k s t e i n ,  T he o r y  o f  the  P h o t o g r a p h i c  P r o ce s s ,  4 th ed. ,  
M a c m i l l a n  Pub.  Co. ,  N e w  Yor k ,  1977,  p353 .
17. P. V i t t u m  and G. B ro wn ,  J .  A m .  C h e m .  S o c . ,  1946,  6 8 , 2235 .
18. P. V i t t u m  and G. B r o wn ,  J .  A m .  C h e m .  S o c . ,  1947,  69,  152.
19. C. Bar r ,  G. B r own ,  J. T h i r t l e  and  A W e i s s b e r g e r ,  P h o t o g r .  
S c i .  E n g . ,  1961,  5, 195.
20.  C. M a g g i u l l i  and R. P a i ne ,  Br i t .  P a t e n t  105 9994 ,  1967.
21.  J. J e n n e n ,  Chem.  Ind . ,  1952,  67,  356.
22.  K. H. M e n z e l  and  R. P u e t t e r ,  Br i t .  P a t e n t  1 04 76 12 ,  1966
(Chem.  Abs t r .  1965,  63,  4 4 4 0E ) .
23.  R. F. R o m a n e t  and T. H. Chen ,  Eur .  P a t e n t  2 8 5 2 7 4 ,  1990
( Chem.  Ab s t r .  1989,  111,  123652g) .
24.  A. T. B r o w n e ,  R.  F. R o m a n e t  and  S. E. N o r m a n d i n ,  Eur .  
P a t e n t  2 8 4 2 4 0 ,  1990 ( Chem.  Abs t r .  1989,  1 10, 1 2 5 2 5 6 j ).
25.  J. B a i l ey ,  E. B. K n o t t  and  P. A. Mar r ,  ( Ch em .  Ab s t r .  1972,  
77,  76 69 4 q) .
5 3
R e f e r e n c e s
26.  K. O G a n g u i n  and E. J M ac d o n a l d ,  P h o t o g r  a .  S c i . ,  1966,  14, 
260.
27.  R. D. The ys ,  and G S o s n o v s k y ,  C h e m i s t r y  and  P r o c e s s e s  o f  
C o l o u r  P h o t o g r a p h y ,  C h e m .  R e v . ,  1997,  97,  p 9 6 -9 9 .
28.  C . E . K .  Mees  and  T.H.  J a m e s ,  Ed. ,  The  T h e or y  o f  the  
P h o t o g r a p h i c  P r o c e s s  3 rd ed. ,  M c M i l l a n ,  N e w Y o r k ,  1966,  
Ch 17.
29.  P . D o u g l a s ,  P e r s o n a l  C o m m u n i c a t i o n ,  1999.
30.  W.F.  Smi th ,  J . P h y s . C h e m . , 1964,  68,  7501.
31.  J. Ba i l ey ,  J . C h e m .  S o c .  P e r k i n  T r a n s a c t i o n s ,  1977,  2047 .
32.  W. G. H e r k s t r o e t e r ,  J .  M o l .  P h o t o c h e m . , 1971,  3,  181.
33.  P. D o u g l a s  et  al ,  J .  C h e m .  S o c .  P e r k i n  T r a n s a c t i o n s ,  1994,  
1295.
34.  P. D o u g l a s ,  J .  P h o t o .  S c i e n c e , 1988,  36,  83.
35.  F. W i l k i n s o n ,  D. W o r r a l l  and  R.S.  C h i t t o c k ,  C h e m .  P h y s .  
L e t t . ,  1990,  174,  416.
36.  F. W i l k i n s o n ,  D. W or r a l l ,  D. M c G a r r y  and A. G o o d w i n ,  J .  
C h e m .  S o c  . F a r a d a y  T r a n s . ,  1993,  89,  2385 .
37.  P. D o u g l a s  and S. T o w ns en d ,  J .  C h e m .  S o c .  F a r a d a y  T r a n s . ,  
1991,  87,  3479 .
5 4
R e f e r e n c e s
3 8 . P. D o u g l a s  and  D. C l a r k e ,  J .  C h e m .  S o c .  P e r k i n  T r a n s . ,  1991,  
2,  1363.
39.  D. H e u h a u s  and M. W i l l i a m s o n ,  The N u c l e a r  O v e r h a u s e r  
Ef f ec t  in S t r u c t u r a l  and C o n f o r m a t i o n a l  A n a l y s i s ,  V CH ,  
1989.
40.  S.L.  M u r o v ,  I. C a r m i c h a e l  and G.L.  Hug.  H a n d b o o k  o f  
P h o t o c h e m i s t r y  2 nd ed,  D e k k e r ,  US A,  1993,  ch.  2.
41.  W. G. H e r k s t r o e t e r ,  J .  A m .  C h e m .  S o c . ,  1976,  98,  6210.
42.  D. R. K e a r n s ,  C h e m .  R e v . ,  1971,  71,  395.
43.  C. C o u t u r e ,  M Phi l  T h e s i s  P h o t o c h e m i s t r y  o f  P r o t o n a t e d  
P y r a z o l o t r i a z o l e  A z o m e t h i n e  Dyes ,  M Ph i l .  U n i v e r s i t y  o f  
Wal es  S w a n s e a ,  1992.
44.  A.R.  G o l d f a r b ,  A. Me l e  and  N.  G u t s t e i n ,  J .  A m .  C h e m .  S o c . ,  
1955,  77,  6194.
45.  P.W.  A t k i n s ,  P h y s i c a l  C h e m i s t r y ,  O x f o r d  U n i v e r s i t y  P r e ss ,  
O xf o rd ,  1978.
46.  R.A.  A l b e r t y ,  P h y s i c a l  C he m i s t r y .  7 th ed. ,  Wi ley ,  US A,  
1987.
47.  G. P a n n e t i e r  and  P. S o uc ho y ,  C h e m i c a l  K i n e t i c s ,  E l s e v i e r  
P u b l i s h i n g  Co Ltd ,  A m s t e r d a m .
5 5
H i b l i o g r a p b y
BIBLIOGRAPHY
C.R. Metz. Physical Chemistry, Schams Outline Series, McGraw Hill, USA, 1976 
N.J. Turron. Molecular Photochemistry.
C.E. Wayne and R.P. Wayne. Photochemistry, Oxford University Press, UK, 1999 
C.H.J. Wells. Introduction to Molecular Photochemistry. Chapman Hall, UK, 1972
56
